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Thermal  Barrier  Coatings 

(AGARD-R-823) 


Executive  Summary 


Thermal  barrier  coatings  are  an  emerging  technology  which  will  allow  either  increasing  the  inlet 
turbine  temperatures  or  on  the  other  hand  decreasing  the  working  temperature  of  the  metal  of  the  blades 
and  consequently  increasing  their  life-time. 

The  Workshop  allowed  a  survey  of  the  state  of  the  art,  a  description  of  the  existing  technologies  or  of 
the  technologies  under  development,  a  review  of  the  present  knowledge  of  damage  mechanisms, 
including  microstructural,  mechanical  and  thermal  aspects,  and  an  account  of  the  advantages  and 
drawbacks  of  the  various  families  as  perceived  by  engine  manufacturers  and  users.  A  final  discussion 
was  held  to  identify  the  needs  for  further  R  &  D. 
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Les  revetements  anti-mur  de  chaleur 

(AGARD-R-823) 


Synthese 

Les  barrieres  thermiques  sont  une  technologie  emergente  qui  permettra  soit  d’augmenter  les 
temperatures  d’ entree  des  turbines,  soit  de  reduire  la  temperature  a  laquelle  est  soumis  le  metal  des 
aubes  et  par  consequent  d’en  accroitre  la  duree  de  vie. 

L’atelier  a  eu  pour  objet  de  presenter  l’etat  de  l’art,  de  donner  une  description  des  technologies 
existantes  ou  en  cours  de  developpement,  de  donner  une  revue  des  connaissances  actuelles  sur  les 
mecanismes  d’endommagement  includant  les  aspects  microstructuraux,  mecaniques  et  thermiques,  de 
rendre  compte  des  avantages  et  des  inconvenients  des  diverses  families  tels  que  les  pergoivent  les 
fabricants  et  les  utilisateurs  de  moteurs. 

Une  discussion  finale  a  permis  d’ identifier  les  besoins  futurs  en  R  &  D. 
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Preface 


Thermal  barrier  coatings  are  a  technology  used  to  protect  the  metal  of  combustion  chambers,  turbines  blades  or 
veins.  Since  these  parts  are  air-cooled  low-thickness  elements,  it  is  possible  to  reduce  the  actual  temperature  of 
the  metal  introducing  a  large  temperature  gradient  though  the  ceramic  coating.  This  technology  has  been  used  for 
several  decades  in  the  combustion  chambers,  and  more  recently  on  modem  highly-cooled  blades. 

Since  it  can  allow  an  increase  of  the  temperature  difference  between  the  metal  part  and  the  gas  flow,  up  to  100°C, 
it  can  be  considered  as  one  of  the  bottle-neck  technologies  giving  access  to  higher  temperatures  in  aeronautical 
engines.  Alternatively,  it  can  allow  also,  for  the  same  turbine  inlet  temperature,  a  reduction  of  the  working 
temperature  of  the  metal  of  the  blades,  leading  to  Longer  lifetimes  of  the  parts,  or  a  reduction  of  the  cooling  air 
flow,  with  an  increase  in  engine  efficiency. 

Up  to  now  zirconia-base  ceramics  in  particular  yttried-zirconia  have  been  used;  they  are  compatible  with  metal 
temperatures  up  to  900°C  for  combustion  chambers  and  1050°C  for  blades,  under  fairly  low  thicknesses. 

Two  deposition  processes  are  presently  in  use:  plasma  spray,  which  gives  relatively  thick,  low  cost,  low 
conductivity  coatings,  well  adapted  to  combustion  chambers,  and  for  blades  Physical  Vapour  Deposition 
techniques  which  give  columnar  microstructure  which  lead  to  more  acceptable  damage  and  to  a  surface  of  limited 
rugosity,  which  does  not  perturb  the  aerodynamic  qualities  of  the  blades  but  with  unfortunately  lead  to  lower 
deposition  rates,  and  also  higher  conductivities. 

Research  is  in  progress  in  several  directions:  improved  or  new  deposition  techniques,  new  composition  of  the 
ceramics. 

The  Workshop  in  this  context  has  been  dedicated  to: 

1.  The  presentation  of  families  and  technologies  under  development  with  reference  to  new  ideas  and  limits. 

2.  The  description  of  the  advantages  and  drawbacks  of  the  various  families  of  thermal  coatings  as  perceived  by 
engine  manufacturers  or  users. 

3.  Understanding  damage  mechanisms  in  connexion  with  properties  and  microstructure. 

4.  Modeling  the  behaviour  and  the  lifetime  of  the  coatings  with  special  reference  to  the  underlying  bond  coat. 


P.  COSTA 
Chairman  of  the  Subcommittee 
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Preface 


Les  barrieres  thermiques  sont  une  technologie  qui  est  utilisee  pour  proteger  le  metal  des  chambres  de  combustion, 
des  aubes  de  turbine  mobiles  et  fixes.  Comme  ces  pieces  sont  des  elements  de  faible  epaisseur  fortement 
refroidies  par  un  courant  d’air  arriere,  il  est  possible  de  reduire  la  temperature  effective  du  metal  du  fait  d’une 
importante  chute  de  temperature  au  travers  du  revetement  ceramique.  Cette  technologie  est  utilisee  depuis 
plusieurs  decennies  pour  les  chambres  de  combustion,  et  depuis  plus  recemment  pour  des  aubes  mobiles 
fortement  refroidies. 

Dans  la  mesure  ou  elle  permet  d’accroitre  la  difference  entre  la  piece  metallique  et  le  flux  gazeux  de  pres  de 
100°C,  elle  peut  etre  consideree  comme  une  technologie  goulet  pour  qui  veut  accroitre  les  temperatures  dans  les 
moteurs  aeronautiques.  En  parallele,  elle  permet  aussi,  pour  une  meme  temperature  d’ entree  de  turbine,  de  reduire 
la  temperature  du  metal  des  pieces  travaillantes,  et  d’en  accroitre  ainsi  la  duree  de  vie,  ou  encore  de  reduire  les 
flux  de  refroidissement,  avec  un  accroissement  du  rendement  des  moteurs. 

Jusqu’ici,  ce  sont  des  ceramiques  a  base  de  zircone  qui  ont  ete  utilisees,  en  particulier  la  zircone-yttriee.  Elies  sont 
compatibles  avec  des  temperatures  atteignant  900°C  pour  le  metal  des  chambres  de  combustion,  de  1050°C  pour 
les  aubes  mobiles,  et  ceci  pour  des  epaisseurs  de  revetement  relativement  faibles. 

Deux  precedes  de  depot  sont  actuellement  utilises,  la  pulverisation  plasma  qui  permet  d’obtenir  des  revetements 
relativement  epais,  de  cout  modere  et  de  faible  conductibilite  thermique,  bien  adaptes  au  probleme  des  chambres 
de  combustion,  et  pour  les  aubes  des  depots  en  phase  vapeur,  qui  donnent  des  structures  colonnaires  qui  sont 
faiblement  endommageables,  et  un  etat  de  surface  de  bonne  qualite  ne  perturbant  pas  l’aerodynamique  de  l’aube, 
avec  toutefois  des  vitesses  de  depot,  done  des  couts  plus  eleves,  et  egalement  une  conductibilite  plus  elevee.  Les 
recherches  se  poursuivent  dans  plusieurs  directions:  methodes  de  depots  ameliorees  ou  nouvelles,  nouvelles 
compositions  de  la  ceramique. 

Dans  ce  contexte,  l’atelier  a  ete  consacre  a: 

1.  La  description  des  families  et  des  technologies  existantes. 

2.  La  presentation  des  families  et  des  technologies  en  cours  de  developpement,  avec  une  reference  particuliere 
aux  idees  nouvelles  et  a  leurs  limites. 

3.  La  description  des  avantages  et  des  inconvenients  des  diverses  families  de  barrieres  thermiques  tels  que  les 
pergoivent  fabricants  de  moteurs  et  utilisateurs. 

4.  La  comprehension  des  mecanismes  d’endommagement  en  correlation  avec  les  proprietes  des  barrieres  et  leur 
microstructure. 

5.  La  modelisation  du  comportement  et  de  la  duree  de  vie  des  revetements,  avec  une  reference  particuliere  pour 
le  revetement  intermediaire. 


P.  COSTA 
President  du  Sous-Comite 
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Thermal  Barrier  Coatings  :  the  Thermal  Conductivity  challenge 


S.  Alperine1,  M.  Derrien2,  Y.  Jaslier1,  R  Mevrel3 
^NECMA  Materials  and  Process  Department,  Villaroche,  France 
2SNECMA  Component  Design  Department  Villaroche  France 
3ONERA  Materials  Science  Division  BP72  92322  Chatillon  Cedex  France 


ABSTRACT.  In  this  paper,  the  importance  of  the 
challenge  associated  with  the  control  of  the  thermal 
conductivity  of  thermal  barrier  coatings  for  turbine 
engines  hot  stages  is  being  reviewed  (yttria  stabilised 
zirconia  mostly).  It  is  firstly  illustrated  by  the 
description  of  a  practical  aeronautic  coated  and 
uncoated  turbine  blade  design  exercise.  The  various 
contributions  to  TBC  thermal  conductivity  are  then 
reviewed.  Their  low  conductivity  finds  its  source  not 
only  in  the  nature  of  the  ceramic  layer  (highly 
disordered  material),  but  also  in  the  morphology  of 
the  insulating  layer,  closely  linked  to  its  fabrication 
process  parameters.  The  influence  of  various  factors 
(such  as  yttria  content,  temperature,  porosity  content 
and  distribution,  etc.)  on  the  thermal  conductivity  is 
examined,  largely  based  on  a  literature  review.  In  this 
field  of  investigation,  the  modelling  tool  should  allow 
to  predict,  to  a  certain  extent,  which  morphology 
would  lead  to  the  lowest  values  of  thermal 
conductivity.  Eventually  attempts  are  made  to  identify 
research  domains  where  further  understanding  is 
needed,  and  to  formulate  several  suggestions 
concerning  possible  ways  to  lower  the  thermal 
conductivity. 

1  INTRODUCTION 

Yttria  stabilised  zirconia  based  thermal  barrier 
coatings  are  viewed  today  as  the  new  generation  of 
protective  coatings  that  will  allow  to  take  the  next 
quantum  step  forward  to  increase  turbine  engine 
efficiency,  without  having  to  pay  the  price  of 
replacing  nickel-base  superalloys  by  some  other  more 
refractory  material  [1],  They  are  also  considered  by 
diesel  engine  manufacturers  to  increase  the  efficiency 
of  their  engines.  These  coatings  have  been  studied 
and  developed  for  more  than  20  years  in  the  western 
countries  and  even  longer  in  former  USSR. 

It  can  be  said  that  one  of  the  first  concern  of  materials 
scientists  in  the  TBC  field  was  to  optimise  the 
coatings  from  a  materials  science  standpoint.  In  the 
early  days,  important  studies  have  been  carried  out  to 
determine  for  instance  which  was  the  most  adequate 
stabilising  agent  of  zirconia  for  a  given  application, 
and  in  what  amount  [1-3].  As  far  as  very  high 
temperatures  applications  are  concerned  (mostly 
driven  by  the  aero  industry),  there  was  a  rapid  and 
general  move  towards  6-8  wt.  %  yttria  partially 
stabilised  zirconia  (Y-PSZ)  because  these  coatings 
showed  the  highest  degree  of  resistance  to  spallation 
in  thermal  fatigue  solicitations  [3]  and  an  excellent 
thermal  stability.  Later,  explanations  of  the 
phenomenon  appeared  through  the  identification  of 


the  well-known  t'  phase  [5]  and  its  toughening 
mechanisms  [6],  Important  materials  studies  have  also 
been  devoted  to  finding  an  optimal  metallic  bond 
coating  to  support  the  ceramic  topcoat  [7,8],  The 
development  of  TBC  has  also  been  closely  linked  to 
that  of  the  corresponding  deposition  processes:  plasma 
spraying  and  electron  beam  physical  vapour  deposition 
(EBPVD).  A  number  of  studies  [4,  9,  10]  have  thus 
been  devoted  to  optimise  the  deposition  process 
parameters  to  obtain  favourable  structures  in  order  to 
achieve  longer  life  cycles.  The  general  idea  there,  was 
to  try  to  relate  coatings  microstructure  to  their 
thermomechanical  resistance. 

This  necessity  to  address  in  the  very  first  place  the 
feasibility  and  reliability  problems  for  such  coatings 
has  somewhat  hindered,  until  recently,  the  extent  of 
research  activities  directly  dealing  with  their  thermal 
conductivity  (K).  The  implicit  notion  there,  was  that 
by  using  stabilised  zirconia  as  TBC  would  lead  to  a 
value  of  K  for  the  coating  not  significantly  different 
from  one  coating  to  the  other,  lower  in  any  case  than 
that  of  the  dense  material  having  the  same 
composition.  The  scope  of  this  paper  is  to  emphasise 
the  importance  of  the  challenge  associated  with  the 
control  of  coating  thermal  conductivity.  It  is  first 
illustrated  through  a  practical  aeronautic  turbine  blade 
design.  The  various  contributions  to  thermal  barrier 
coating  thermal  conductivity  are  then  reviewed.  The 
low  conductivity  of  thermal  barriers  comes  on  the  one 
hand  from  the  nature  of  the  yttria  stabilised  zirconia 
ceramic  layer,  a  highly  disordered  material  indeed,  and 
on  the  other,  from  the  morphology  of  this  layer,  closely 
linked  to  coating  processes:  pores,  cracks,  etc.  The 
influence  of  various  factors  (such  as  yttria  content, 
temperature,  porosity  distribution,  etc.)  on  the  thermal 
conductivity  is  examined,  largely  based  upon  a 
literature  review.  In  this  field  of  investigation,  the 
modelling  tool  should  allow  to  predict,  to  a  certain 
extent,  which  type  of  morphology  would  lead  to  the 
lowest  values  of  conductivity.  Eventually,  attempts  are 
made  to  identify  research  domains  where  further 
understanding  is  needed  and  to  formulate  several 
suggestions  concerning  possible  ways  to  lower  the 
thermal  conductivity. 

2.  A  REAL  CASE  DESIGN  STUDY 
In  this  case  we  consider  a  high  pressure  turbine  vane 
airfoil  of  an  aero-engine.  The  component  is  meshed  for 
2D  finite  element  calculation  ;  for  one  airfoil,  about 
350  elements  and  1200  nodes  are  being  generated.  The 
thermal  barrier  coating  is  represented  as  a  single 
element  in  the  foil  thickness. 


Paper  presented  at  an  AGARD  SMP  Meeting  on  “Thermal  Barrier  Coatings”, 
held  in  Aalborg,  Denmark,  15-16  October  1997,  and  published  in  R-823. 
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A  mission  profile  is  defined  for  the  component,  as  the 
variation  with  time  of  relevant  engine  parameters  such 
as  altitude  and  thrust.  Aerothermal  Navier-Stokes 
codes  are  used  to  calculate  thermal  exchanges  in  the 
internal  cooling  passages  ;  thermal  exchanges  with  hot 
gases  are  also  computed,  taking  into  account  film 
cooling  (cold  gas  from  the  cooling  circuit  reemitted  in 
flow  path).  The  result  of  these  computations  is  an  array 
of  boundary  conditions  at  the  external  and  internal 
walls  of  the  airfoil  :  hot  and  cold  gas  temperatures 
within  the  boundary  layer,  values  of  the  wall  exchange 
coefficients.  The  next  step  of  the  calculation  consists 
in  solving  the  Fourier  equation  across  the  airfoil  walls 
using  the  above  given  limit  conditions.  The  calculation 
ends  up  with  a  mesh  of  computed  temperatures  for 
each  node,  for  every  point  of  the  mission  profile  :  T  = 
f(node  #,  t). 


Figure  1  :  Metal  skin  temperature  distribution 
experienced  by  a  vane  during  typical  flight  mission 
(leading  edge  profile). 

In  order  to  visualise  the  effect  of  thermal  barrier 
conductivity,  such  calculations  have  been  made  for  an 
airfoil  without  thermal  barrier  and  with  a  coating  of 
thickness  200pm.  In  the  latter  case  two  values  of  the 
thermal  conductivity  of  the  ceramic  have  been  taken 
into  consideration  :  1.1  and  1.9  W/m.K,  typical  of 
existing  plasma  sprayed  and  EBPVD  coatings 
respectively. 

Examination  of  the  leading  edge  metal  temperature 
profile  (figure  1)  shows  that  the  application  of  a  TBC 
(1.9W/m.K)  reduces  the  maximum  temperature 
(1090°C)  of  the  metal  by  50°C.  Decreasing  the  thermal 
conductivity  down  to  1.1  W/m.K  permits  to  gain  a 
further  32°C.  Considering  the  whole  leading  edge 
profile,  the  maximum  gain  even  reaches  1 13°C. 


Figure  2  :  Temperature  profile  across  the  vane  wall 
(leading  edge). 

The  temperature  distribution  across  the  airfoil  leading 
edge  is  represented  on  figure  2.  At  the  point  considered, 
the  metal  temperature  decreases  from  1017°C  for  an 
uncoated  airfoil  down  to  966°C  with  a  TBC  having  a 
thermal  conductivity  of  1.9  W/m.K  and  933°C  with  a 
low  thermal  conductivity  coating.  It  is  interesting  to 
note  that  the  ceramic  coating  external  surface 
temperature  increases  correlatively  (from  1190°C  to 
1260°C),  this  being  explained  in  part  by  the  fact  that 
the  heat  flux  is  kept  constant.  Excessive  temperatures 
may  provoke  an  evolution  of  the  ceramic 
microstructure  :  transformation  f  — >  c  + 
transformable  t,  sintering  of  the  external  layer 
associated  with  an  increase  of  the  thermal  conductivity. 

In  terms  of  component  life  duration  (taking  into 
account  creep  and  fatigue  phenomena),  and  considering 
the  leading  edge,  the  application  of  a  TBC  with  K  =  1.1 
W/m.K  permits  to  gain  more  than  an  order  of 
magnitude  on  the  number  of  cycles.  For  less  stressed 
regions  (pressure  side,  trailing  edge),  the  benefit  is  of 
course  less. 


100  1000  10000  100000 


Component  life  in  cycles 


■  1.1  W/m.K 
El. 9  W/m.K 
□  No  TBC 


Figure  3  :  Component  life  duration  (creep  and fatigue) 
If  we  consider  now  that  the  engine  is  run  so  that  the 
components  keep  the  same  life  duration,  but  the  gain  is 
concentrated  entirely  on  reducing  the  cooling  rate  and 
by  way  of  consequence  decreasing  the  fuel 
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consumption,  table  1  shows  that  up  to  0.7%  specific 
consumption  can  be  saved  in  the  cases  envisaged. 


Thermal  conductivity 
(W/m.K) 

Cooling  rate 

Specific 

consumption 

1.9 

-  15% 

-  0.4% 

1.1 

-  25% 

-  0.7% 

Table  1  :  Reduction  in  cooling  rate  and  specific 
consumption  owing  to  the  application  of  a  TBC  of 
thermal  conductivity  K  on  a  vane  airfoil  (for  a  given 
lifetime). 

These  few  results  clearly  demonstrate  the  importance 
of  lowering  the  thermal  conductivity  in  terms  of 
economy  and  performance.  Moreover,  a  decrease  in 
the  thermal  conductivity  permits  to  lower  the 
thickness  of  the  coating.  Given  the  fact  that  a  TBC 
represents  an  added  stress  on  a  rotating  blade  of  10% 
(for  a  125  pm  thick  ceramic  layer),  lowering  its 
thickness  (provided  the  density  is  kept  constant)  will 
result  in  a  significant  gain  on  the  stress  applied  on  the 
rotating  parts,  blades  and  disks. 

Of  course,  a  rigorous  computation  would  have  to  take 
into  account  the  radiation  contribution  to  the 
conductivity  within  the  coating.  This  is  an  effect 
which  depends  on  the  actual  environment  seen  by  the 
airfoils  within  the  turbine  stage  [11]  and  difficult  to 
assess  at  present  as  the  optical  properties  of  zirconia- 
based  plasma-sprayed  and  EBPVD  coatings  are 
poorly  known. 


3.  THERMAL  CONDUCTIVITY  OF  ZIRCONIA- 
BASED  COATINGS 

Although  the  thermal  conductivity  of  thermal  barrier 
coatings  has  not  been  a  major  research  and 
development  topic  compared  to  work  on 
thermomechanical  behaviour  for  instance,  a  number 
of  characterisations  have  been  published,  in  particular 
to  provide  designers  with  data  for  lifetime  prediction 
models.  Looking  through  some  of  the  data  available 
and  reported  in  table  2,  several  points  are  worth 
noticing : 

-  Thermal  conductivity  values  for  zirconia  based 
coatings  are  relatively  low  (within  the  range  0.5  to  2 
W/m.K).  This  is  significantly  lower  than  values 
determined  on  bulk  zirconia  [18,  19],  typically  in  the 
2  to  4  W/m.K  range,  depending  on  the  composition 
and  crystallographic  structure.  These  values  lie  in  the 
lower  range  of  thermal  conductivity  for  oxides. 

-  Thermal  conductivities  of  EBPVD  coatings  are 
significantly  higher  than  values  measured  for  plasma 
sprayed  coatings  having  the  same  composition. 

This  can  be  explained  by  the  structure  of  the  coatings. 
Plasma  sprayed  coatings  exhibit  a  microcrack 
network,  with  basically  two  crack  populations  :  one 
oriented  perpendicular  to  the  coating  surface  and 
originating  from  cracking  of  individual  splats  during 


cooling,  as  a  result  of  the  limited  elastoplastic 
deformation  capability  of  the  ceramic.  The  other  is 
mainly  oriented  parallel  to  the  surface  and  corresponds 
to  poor  contacts  between  different  splats.  The  latter, 
being  perpendicular  to  the  heat  flux  are  particularly 
effective  in  reducing  the  thermal  conductivity  of  the 
coating.  In  addition,  a  dispersed,  spheroidal  porosity 
contributes  to  lowering  the  conductivity. 

In  die  case  of  EBPVD  coatings,  the  reduction  in 
thermal  conductivity  comes  mainly  from  the 
intracolumnar  fine  porosity,  the  intercolumnar  porosity 
being  much  less  effective  as  it  is  arranged 
perpendicular  to  the  surface.  Schematically,  the 
columnar  coating  can  be  considered,  in  an  electrical 
analogy,  more  as  a  set  of  parallel  resistances  than  a 
series  set  which  gives  a  closer  image  of  the 
(microcracked)  sprayed  coating. 


System 

Thermal  conductivity 

Comment 

Reference 

300K 

1300  K 

Zr02-7%Y2O3 

EBPVD 

1.7 

2 

[4] 

Zr02-7%Y2O3 

APS 

0.9 

[12] 

Zr02-7-9%Y2O3 

APS 

0.9  to  1.1 

[13] 

Various 
porosity  levels 

Zr02-20%Y203 

APS 

0.4 

0.55 

As  sprayed, 
7%  porosity 
[14] 

Zr02-20%Y203 

APS 

1.5 

1.7 

lOOh,  1480°C, 
7%  porosity 
[14] 

Zr02-6%Y2O3 

APS 

1.1 

[15] 

Zr02-8%Y2O3 

APS 

1. 

[15] 

Zr02-12%Y2O3 

APS 

0.6 

[15] 

Zr02-7%Y2O3 

EBPVD 

1.3 

1.3 

[16] 

Zr02-7%Y2O3 

APS 

0.8 

0.8 

[16] 

Zr02-7%Y2O3 

APS 

0.8 

0.8 

[16] 

Zr02-8%Y2O3 
EBPVD  as 

coated 

1.5 

1.3 

[17] 

Zr02-8%Y2O3 

EBPVD 

1.9 

1.5 

[17] 

Zr02-7%Y2O3 

bulk 

2.9  . 

2.7 

[16] 

Table  2  :  Typical  values  of  the  thermal  conductivity  of 
zirconia-based  coatings  (EBPVD  :  electron  beam 
physical  vapour  deposition,  APS :  air  plasma  spray) 
Composition  percentages  in  wt%. 
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System 

ZrOz-Y2Oj 

K,  W/m.K 

Zr02-Mg0 

K,  W/m.K 

Phase 

Cubic 

2.3 

1.8 

Tetragonal 

3.5 

4.8 

Monoclinic 

4.2 

5.2 

Table  3  :  Thermal  conductivity  for  zirconia 
polymorphs  calculated  from  experimental  data  on 
partially  or  fully  stabilised  zirconia  bulk  materials 
[18J.  The  different  phases  correspond  to  various 
stabiliser  contents. 

-  Thermal  conductivity  of  EBPVD  coatings  remains 
approximately  constant  as  a  function  of  temperature 
up  to  about  1100°C,  as  illustrated  in  figure  4.  This  is 
in  contradiction  with  a  T 1  dependence  predicted  by 
the  theory  (cf.  below)  for  ceramic  materials.  At  higher 
temperature,  though,  an  evolution  of  the  structure 
involving  sintering  or  phase  transformation  may 
result  in  an  increase  of  the  thermal  conductivity.  The 
same  trend  is  observed  for  plasma  sprayed  coatings, 
in  general  with  a  transition  at  lower  temperature. 
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0  200  400  600  800  1000  1200 

Temperature,  °C 


■  As  deposited  0  After  2h 

k  After  5h 

ii  oo°c 

ii  oo°c 

Figure  4  :  Thermal  conductivity,  as  a  function  of 
temperature,  of  an  EBPVD  Zr02-7%Y203  thermal 
barrier  coating  in  as-deposited  and  heat  treated 
conditions  [17], 

Given  the  fact  that  zirconia  is  translucent  in  the 
infrared,  a  radiation  contribution  to  the  thermal 
conductivity  measured  (which  is  actually  an  effective 
thermal  conductivity)  would  result  in  a  rise  at  high 
temperature,  Such  an  effect  has  been  reported  by 
Youngblood  et  al.  [19]  in  the  case  of  single  crystal 
ZrO2-20wt.%Y2O3  (the  thermal  diffusivity  increases 
rapidly  as  a  function  of  T  above  600°C).  However,  in 
the  case  of  polycrystals,  the  same  authors  observe  an 
opposite  trend  and  it  is  likely  that  in  the  case  of 
coatings  (for  which  the  dependence  in  temperature  is 
much  less  important  than  the  T3  predicted  by  theory), 
as  well  as  in  the  polycrystals  mentioned,  the 
numerous  interfaces  present  (gas/solid  interfaces, 
grain  boundaries)  scatter  the  penetrating  photons  and 
thereby  lower  this  radiation  contribution  to  the  heat 
flow.  Yet,  a  thorough  study  would  certainly  be  of 


interest  to  correctly  evaluate  this  effect  with  coatings, 
especially  at  very  high  temperature. 

-  A  heat  treatment  affect  the  thermal  conductivity  of 
the  coatings  (increase).  After  a  heat  treatment,  the 
thermal  conductivity  of  TBCs  increases,  both  for 
EBPVD  [14]  and  plasma  sprayed  coatings  [14,  20], 
This  effect  is  attributed  to  the  evolution,  through  a 
sintering  effect,  of  the  porosity  (cracks  included) 
during  heat  treatment.  For  example,  in  plasma  sprayed 
coatings,  the  poor  contacts  between  lamellas  in  the  as- 
sprayed  coatings,  with  possible  nanocrystalline 
(amorphous)  zones  corresponding  to  rapidly  solidified 
regions,  are  likely  to  evolve  towards  equilibrium 
structures,  assisted  by  atom  diffusion  processes  at  high 
temperature.  One  consequence  is  that  thermal 
conductivity  should  be  determined  after  a  heat 
treatment  conducting  to  a  structure  corresponding  to 
the  one  that  will  be  in  service  if  representative  values 
are  to  be  used,  in  particular  for  the  coated  blade 
design.  Another  consequence,  is  that  as  surface 
temperatures  are  likely  to  increase  (see  preceding  part) 
as  a  result  of  lowering  the  thermal  conductivity,  this 
effect  has  to  be  taken  into  account  if  the  benefit  of  a 
low  K  thermal  conductivity  is  to  be  retained  in  service. 

-  Values  reported  cover  a  surprisingly  wide  range  and 
it  is  important  to  keep  in  mind  that  they  may  be 
difficult  to  compare,  even  for  coatings  having  the  same 
nominal  composition  and  porosity,  as  experimental  set 
ups  can  be  different,  as  well  as  interpretation 
procedures  from  diffusivity  determinations.  Scattering 
inherent  to  the  fact  that  thermal  conductivity  is 
indirectly  measured  (via  thermal  diffusivity,  density, 
specific  heat)  and  that  diffusivity  itself  is  a  somewhat 
difficult  property  to  determine.  Even  with  high  thermal 
conductivity  material  such  as  tungsten,  data  reported 
in  the  literature  are  spectacularly  scattered,  as 
illustrated  by  Taylor  [21].  Moreover,  thermal 
conductivity  values  most  often  are  derived  from 
thermal  diffusivity  measurements  (laser  flash  in 
general)  and  this  implies  that  the  porosity  is  accurately 
known.  It  would  be  interesting  for  several  laboratories 
to  gather  their  efforts  and,  on  identical  specimens 
conduct  a  Round  Robin  test  on  TBCs,  and  compare 
with  absolute,  but  more  lengthy  and  costly  methods. 


4.  LOWERING  THERMAL  CONDUCTIVITY 

4.1.  Intrinsic  conductivity  and  chemistry: 

It  has  been  noticed  in  the  preceding  part  that  zirconia 
is  already  a  low  thermal  conductivity  material.  One 
can  wonder  whether  other  materials  would  not  present 
a  lower  thermal  conductivity  and  could  be  envisaged  as 
TBC.  In  fact,  experimental  thermal  conductivity  of 
pure  zirconia,  i.e.  with  no  stabiliser,  does  not  seem  to 
have  been  reported.  This  is  most  certainly  due  to  the 
difficulty  of  obtaining  bulky  specimens  of  pure 
zirconia,  zirconia  presenting  three  allotropic  forms  : 
monoclinic  up  to  1170°C,  tetragonal  in  the  range 
1170°C-  2370°C  and  cubic  up  to  the  melting  point 
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(2680°C),  and  the  tetragonal  to  monoclinic 
transformation  being  accompanied  by  a  large  volume 
variation.  The  only  available  data  seem  to  have  been 
derived  by  Hasselman  et  al.  [18]  from  experimental 
determination  on  various  bulk  zirconia-based  system, 
knowing  the  relative  proportion  of  the  different 
crystallographic  forms  and  assuming  that  the  thermal 
conductivity  of  a  mixture  can  be  expressed  simply  as  a 
function  of  the  individual  thermal  conductivity.  As 
reported  in  table  3,  the  monoclinic  form  would 
present  a  conductivity  in  the  range  4  to  5  W/m.K. 

Another  approach,  based  on  purely  theoretical 
considerations,  has  been  proposed  by  Klemens  [22] 
for  calculating  an  « intrinsic  thermal  conductivity  »  of 
cubic  zirconia,  supposed  to  contain  no  stabiliser  (and 
therefore  no  associated  vacancies).  In  a  most  general 
way,  the  thermal  conductivity  K  can  be  expressed  as : 

K  =  (1/3)  J  C’(ffl) .  v .  l(c»)  doo 

where  C’(ra)  do  is  the  contribution  of  the  specific  heat 
in  the  frequency  range  ro,  ®+do,  v  is  the  transverse 
phonon  velocity  and  l(co)  is  the  phonon  mean  free 
path. 

In  the  high  temperature  limit  and  in  the  case  of  no 
defect  present,  the  mean  free  path  of  phonons  is 
limited  by  three  phonon  interactions,  owing  to  the 
cubic  anharmonicities  of  the  lattice  forces,  and  this 
expression  leads  to  the  following  expression  of  the 
intrinsic  thermal  conductivity  [23]  : 

K  =  (3/2)y-2  .  (p  vVc^T1 .  N'2/3 

where  y  is  the  Griineisen  constant,  p  is  the  shear 
modulus,  v  is  the  transverse  sound  velocity,  oD  the 
Debye  frequency,  T  the  temperature  and  N  the 
number  of  atoms  per  primitive  unit  cell.  Recently, 
Klemens  [22]  applied  such  an  approach  to  zirconia 
and  derived  for  the  intrinsic  thermal  conductivity  of 
zirconia  (i.e.  that  of  an  hypothetical  «  pure  cubic 
zirconia  ») : 

K  (W/m.K)  =  1700  /  T(K) 

According  to  this  expression,  the  intrinsic  thermal 
conductivity  of  zirconia  : 

-  would  amount  to  5.7  W/m.K  at  room  temperature,  a 
value  surprisingly  close  to  the  values  derived  by  [18] 
for  pure  monoclinic  zirconia, 

-  decreases  with  a  classical  T'1  variation,  classical  for 
non-metallic  materials  [24],  down  to  1.3  W/m.K  at 
BOOK.  This  last  value  appears  excessively  low, 
considering  that  dense  PSZ  polycrystals  have  a 
thermal  conductivity  higher  than  2  W/m.K  [18]  and 
this  represents  a  strict  lower  limit  of  pure  zirconia. 

Even  if  absolute  values  cannot  be  derived  from  such 
simplified  theoretical  approaches,  it  is  possible  to 
infer  trends  concerning  the  effect  of  different 
parameters  on  the  thermal  conductivity.  This  is 


actually  easier  starting  from  an  expression  proposed  by 
Slack  [25]  for  non-metallic  crystals  and  for 
temperatures  higher  than  the  Debye  temperature  0D 
and  derived  form  the  same  principles  as  the  one 
followed  by  [22]  : 

K  =  B  .  <M>  .  8 . 0D3  /  T ,  N2/3 .  y2 

where  B  is  a  constant,  <M>  is  the  average  atomic  mass 
in  the  crystal,  83  is  the  average  volume  occupied  by  an 
atom  and  y  is  the  Griineisen’s  constant  (y  =  a/Cv.% 
with  a  the  thermal  expansion  coefficient,  %  the 
compressibility  and  Cv  the  specific  heat).  Bearing  in 
mind  that  0D  is  inversely  proportional  to  <M>1/2,  it  is 
clear  that  low  conductivity  crystals  correspond  to  : 

-  high  atomic  mass  and  weak  interatomic  bonding 

(low  0D,  which  is  a  dominant  term), 

-  complex  crystal  structure  (large  N), 

-  high  anharmonicity  (large  y). 

According  to  these  considerations,  other  ceramic 
materials  could  then  be  envisaged  as  a  basis  for 
thermal  barrier  coatings,  keeping  in  mind  that  other 
criterias  have  to  be  fulfilled  (thermal  expansion 
coefficient,  thermal  stability,  etc.).  Among  the 
parameters  which  can  have  a  large  influence  on  K, 
<M>  is  certainly  a  privileged  one,  and  to  a  lesser 
extent  N.  The  Griineisen’s  constant  (y)  does  not  vary 
much  from  one  material  to  another.  An  interesting 
candidate,  for  example,  is  Ce02  (the  atomic  mass  of 
Ce02  is  40%  higher  than  that  of  zirconia)  a  material 
which  has  been  tested  recently  by  Schulz  et  al.  [26] 
and  Maloney  et  al.[27].  However,  if  EBPVD  Ce02- 
9wt.%Y203  coatings  present  a  low  thermal 
conductivity  (around  half  that  of  standard  EBPVD 
Zr02-8wt.%Y203  coating  [27]),  they  seem  to  exhibit  a 
poor  erosion  resistance,  a  shortcoming  which  might  be 
alleviated  though,  if  a  multilayer  architecture  is 
adopted,  with  a  more  erosion  resistant  external  layer 
added  on  top  of  the  coating. 

As  far  as  compositions  for  the  basis  are  concerned, 
other  ways  are  explored.  Observing  that  only  the 
thermal  conductivity  at  high  temperature  is  relevant, 
and  that  for  most  ceramics,  the  thermal  conductivity  is 
a  decreasing  function  of  temperature  (in  principle  T'1 
law  above),  Padture  and  Klemens  [28]  are  considering 
ceramic  materials  with  complex  lattice  cells.  An 
additional  idea  in  this  case  is  to  try  to  develop  an 
oxygen-impermeable  dense  ceramic  layer  to  avoid  or  to 
minimise  the  oxidation  of  the  bondcoat  with  formation 
of  a  thermally  grown  alumina  at  the  ceramic/bondcoat 
interface  (locus  of  the  final  failure  in  the  most 
advanced  systems).  It  is  far  from  certain  however,  that 
such  a  ceramic  material  can  be  deposited  as  a  reliable 
and  dense  coating  and  stay  there  in  service, 
(thermomechanical  cycles).  Moreover,  the  garnet 
compositions  these  authors  propose  still  have  a 
relatively  high  thermal  conductivity,  even  at  1000°C 
(typically  above  2.5  W/m.K). 
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In  conclusion,  possibilities  exist  to  change  the 
chemistry  of  the  basis  material  to  decrease  thermal 
conductivity.  A  balance  has,  of  course,  to  be  carefully 
evaluated  between  the  expected  gains  and  the 
consequences  on  other  properties  (density,  thermal 
stability,  thermomechanical  resistance,  erosion 
resistance,  etc.)  to  evaluate  the  final  interest  of  these 
potential  new  candidates. 

4.2.  Defects : 

An  efficient  way  to  decrease  the  thermal  conductivity 
of  an  insulator  is  to  introduce  structural  defects  which 
constitute  obstacles  to  the  propagation  of  phonons. 
Several  types  of  defect  may  be  envisaged  :  vacancies, 
substitution  ions,  dislocations,  interfaces  (grain 
boundaries),  etc. 

The  role  of  vacancies  is  particularly  important  in  this 
respect  for  zirconia-based  materials.  In  fact,  as  pure 
zirconia  cannot  be  of  practical  use,  due  to  its 
undesirable  transformation  at  around  1100°C,  it  is 
stabilised  (partially  or  completely)  by  adding 
heteroelements  (most  often  Y,  Mg,  Ca)  which 
stabilise  the  cubic  (or  the  tetragonal  phase).  Thus  the 
addition  of  20wt%  Y203  hilly  stabilises  the  cubic 
form.  Addition  of  6  to  8wt.  %  Y203  permits  to  obtain 
the  so-called  metastable  t’  phase  (nontransformable 
up  to  around  1200°C).  The  incorporation  of 
heteroelements  is  accompanied  by  the  introduction  of 
vacancies  to  maintain  the  electrical  neutrality  of  the 
ionic  lattice.  Thus,  introducing  two  yttrium  ions  is 
accompanied  by  the  introduction  of  one  vacancy 
according  to  the  following  reaction,  using  the 
nomenclature  by  Kroger  and  Vink  : 

Y203  -»  2  Yir’  +  V0°°+  3  Oo* 

where  Y„  is  an  yttrium  ion  on  a  zirconium  site 
(single  negative  charge),  Vo"  is  an  oxygen  vacancy 
twice  positively  charged  and  00x  is  an  oxygen  ion  on 
an  oxygen  site  (no  charge). 

Effectively,  incorporating  heteroelements  such  as  Ca, 
Mg  or  Y  in  zirconia  lowers  its  thermal  conductivity 
and  a  comparison  of  diffiisivity  measurements  on 
zirconias  with  different  stabilisers  indicates  that 
similar  defect  populations  result  in  comparable 
thermal  diffiisivity  [19].  It  is  to  be  noted  though  that 
this  effect  is  observed  only  for  stabiliser  contents  less 
than  a  critical  value  [29],  For  high  vacancy  contents, 
they  cannot  be  considered  as  independent  defects  and 
ordering  may  appear  (as  demonstrated  by  [30]  in  the 
case  of  cubic  zirconia  stabilised  with  yttria  and 
magnesia).  It  is  therefore  likely  that  phonons  interact 
less  strongly  with  a  population  of  ordered  vacancies 
than  with  a  population  of  randomly  distributed 
defects. 

Another  source  of  efficient  point  defects  acting  as 
phonon  scatter  centres  is  substitution  ions.  This  acts 
essentially  through  two  factors  :  AM/<M>,  the  ratio  of 
the  mass  difference  between  solute  and  solvent  to  the 


average  atomic  mass,  and  relative  difference  in  ionic 
size  between  solute  and  solvent.  Diverse  expressions 
have  been  proposed  to  describe  their  influence  on  the 
thermal  conductivity  [see  for  example  31,  32]  and  a 
critical  study  would  be  necessary  to  clarify  the  case  of 
zirconia-based  materials. 

In  the  case  of  Zr02-Y203,  the  replacement  of 
zirconium  ions  (M  =  91.22,  r  =  0.080  nm)  by  yttrium 
ions  (M  =  88.90,  r  =  0.093  nm)  should  have  a  minor 
effect,  their  atomic  mass  in  particular  being  relatively 
close.  However,  a  significant  effect  may  be  expected 
from  other  substituents,  in  particular  heavy  rare  earth 
elements  (at  the  expense  though  of  the  density,  an 
important  drawback  for  mobile  components).  Very 
few  elements  lighter  than  zirconium  would  satisfy 
these  criteria,  with  the  exception  though  of  (expensive) 
scandium.  As  far  as  divalent  ions  are  concerned,  the 
choice  is  much  more  limited.  Calcium  or  magnesium 
cannot  be  envisaged  in  high  temperature  applications 
due  to  structural  stability  problems. 

Grain  boundaries  and  interfaces  can  also  scatter 
phonons  and  reduce  the  thermal  conductivity.  These 
processes  are  most  effective  at  low  temperature  for 
ceramics  in  general  [33],  and  only  slightly  at  high 
temperature.  It  is  to  be  noted  that  in  TBCs,  the  grain 
size  is  much  larger  (typically  0.1  to  1  pm)  than  the 
mean  free  path  calculated  according  to  : 

K  ~  (1/3)  C  .  v  .  1  ~  0.5  nm 

and  it  is  doubtful  that,  in  these  conditions, 
conventional  grain  boundaries  may  have  a  significant 
effect. 

As  a  conclusion,  it  can  be  said  that  the  most  efficient 
ways  to  decrease  the  thermal  conductivity  are  to 
introduce  point  defects  : 

-  vacancies  associated  with  stabilising  dopants.  In 
zirconia-based  coatings,  up  to  12  mol.%  ROi  5  for  a 
trivalent  dopant  R,  corresponding  to  the  stabilised 
cubic  form,  seem  possible.  However  a  fully  stabilised 
plasma  sprayed  material  may  not  present  a  satisfactory 
thermomechanical  behaviour. 

-  for  a  maximum  effect,  the  dopant  should  have  a  very 
different  atomic  mass  than  zirconium,  provided  that 
elastic  factor  does  not  counterbalance  the  mass  one. 

Finally,  one  could  wonder  what  the  minimal  thermal 
conductivity  would  be  with  completely  disordered 
materials,  in  other  words  what  the  minimal  thermal 
conductivity  for  a  refractory  material  could  be.  Two 
attempts  have  been  proposed  to  calculate  this  minimal 
thermal  conductivity. 

Slack  [25]  derives  the  theoretical  minimum 
conductivity  assuming  that  the  minimum  mean  free 
path  for  a  phonon  cannot  be  less  than  one  phonon 
wavelength.  For  pure  zirconia,  the  value  calculated  is 
2.1  W/m.K.  In  a  more  recent  approach,  based  on  an 
adaptation  of  the  Einstein  model  for  highly  disordered 
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materials,  Cahill  et  al.  [34],  calculate  a  minimum 
thermal  conductivity  of  1.3  for  dense  zirconia-yttria 
systems.  These  values  show  that  a  gain  may  be 
obtained  by  increasing  the  atomic  disorder,  but  this 
gain  will  remain  limited  if  the  base  material  (in 
occurrence  zirconia)  remains  the  same. 

4.3.  Optimising  coating  architecture  : 

a.  Pores,  crack  network. 

The  fact  that  the  thermal  conductivity  of  EBPVD,  and 
in  particular  plasma  sprayed  coatings  is  much  lower 
than  for  bulk  materials  of  the  same  composition  is 
explained  by  the  presence  of  pores  and  microcracks 
originating  from  the  coating  deposition  process,  as 
described  above.  It  is  important  to  remark  that  up  to 
now,  only  few  studies  have  been  devoted  to  optimise 
the  porosity  distribution  and  crack  network  with 
respect  to  thermal  conductivity.  In  fact,  most  of  the 
effort  in  this  field  has  been  devoted  instead  to  the 
influence  of  these  features  on  the  thermomechanical 
resistance  of  the  systems,  with  mainly  empirical 
approaches. 

As  a  first  step,  it  is  necessary  to  understand  and 
describe  the  relationship  between  thermal 
conductivity  and  morphological  features  (pores, 
cracks,..).  McPherson  [35]  was  probably  the  first  to 
propose  a  model  for  the  microstructure  of  plasma 
sprayed  coatings  involving  regions  of  good  and  poor 
contact  between  lamellae  to  explain  the  low  thermal 
conductivity  of  coatings  with  respect  to  bulk 
materials.  The  regions  of  poor  contact  act  as  thermal 
resistances.  Considering  an  electrical  analogy,  and 
assuming  a  very  schematic  geometry  for  the  coating, 
the  ratio  of  thermal  conductivity  of  the  coating  (Kc)  to 
that  of  solid  material  (K0)  can  be  expressed  as  : 

Kc/Ko  =  2  .  f ,  8  /  it .  a 

where  f  is  the  fraction  of  « true  contact »,  8  is  the 
lamellae  thickness  and  a  is  the  radius  of  the 
individual  contact  areas.  With  a  value  of  0.2  for  f  and 
assimilating  a  with  8/2,  this  relation  gives  Kc/K0 
approximately  1/4,  a  right  order  of  magnitude.  It  is  to 
be  noted  however  that  the  predictive  capacity  of  such 
an  approach  is  extremely  limited  due  to  the  simplicity 
of  the  geometry  assumed  and  the  experimental 
difficulty  to  determine  the  parameters  involved.  This 
approach  has  been  employed  by  Moreau  et  al.  [36]  to 
describe  the  thermal  diffusivity  of  plasma-sprayed 
tungsten  based  coatings,  the  geometrical  quantities 
being  determined  from  image  analysis. 

As  described  in  Dorvaux  et  al.  [37],  the  most 
promising  approach  for  developing  a  tool  to  describe 
the  thermal  conductivity  in  relation  with 
microstructure  seems  to  be  via  a  finite  difference 
calculation  carried  out  on  digitised  images  of  real 
coatings.  This  type  of  approach  presents  the 
advantage  of  taking  into  account  the  complexity  of  the 
geometry  involved  (interconnected  porosity  for 


example)  while  keeping  the  computations  tractable  on 
microcomputers. 

This  type  of  approach  should  offer  guidelines  for 
designers  and  coaters,  provided  the  relationship 
between  process  parameters  and  coating  morphology  is 
known. 

b.  Thin  films. 

It  has  been  reported  by  several  authors  [38-42]  that 
ceramic  thin  films  may  exhibit  a  lower  thermal 
conductivity  than  the  corresponding  bulk  materials. 
Some  examples  are  reported  in  table  4. 


Material 

mu 

Thermal 
conductivity  of 
bulk  materiai 
(W/m.K) 

Ref. 

[38] 

Glassy  Si02 

0.12 

■m 

Ti02 

1.5-5 

(depending  on 
deposition 
method) 

7 

Kn 

Ti02 

0.6  (evaporated) 
0.5  (sputtered) 

5.5  -  7.6  (rutile) 

[41] 

Zr02(evaporated, 
annealed  Ih, 
730°C) 

0.8 

2-5 

[42] 

AIN 

16 

[42] 

Table  4  :  Examples  of  thermal  conductivity  of  thin 
films  compared  with  bulk  values. 

Although  this  effect  is  clear,  the  values  reported  have 
to  be  taken  with  care  as  measurements  of  thermal 
conductivity  of  submicronic  films  are  very  delicate  and 
the  error  margins  reported  may  be  important. 

Different  explanations  have  been  proposed  for  this 
effect.  Most  likely,  this  effect  is  due  to  a  combination 
of  grain-boundary  scattering  (the  grains  are 
particularly  small)  and  of  atomic  disorder  during 
growth  of  thin  films.  Non  equilibrium  structures  may 
be  obtained  by  PVD  or  PECVD,  in  particular  for 
relatively  low  substrate  temperatures  (the  diffusion  of 
species  on  the  surface  of  the  growing  coating,  and  bulk 
diffusion  within  the  coating  being  too  slow  to  reach  an 
equilibrium  state).  In  this  respect,  it  is  to  be  noted  that 
the  diffusion  of  cations  within  zirconia  is  quite  slow. 
With  the  diffusion  data  (D  =  D0 .  exp-Q/RT  with  D0  = 
0.031  cm2/s  and  Q  =  391  kJ/mol)  published  by  [43], 
one  can  estimate  that  it  takes  about  8  years  for  a  cation 
to  travel  1  pm  at  1 100°C  by  solid  state  diffusion . 

To  fully  exploit  this  thin  film  effect,  one  could  imagine 
thermal  barrier  coatings  constituted  of  multiple 
nanolayers  of  different  materials,  such  as  zirconia  and 
alumina  as  in  [44],  with  the  added  advantage  of 
incorporating  boundary  thermal  resistances.  The 
materials  of  each  layer  and  the  process  parameters 
should  have  to  be  selected  so  that  prolonged  exposure 
at  service  temperature  would  not  result  in  structural 
transformations  towards  equilibrium  structures 
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(crystallisation  of  amorphous  material  for  example), 
activated  by  solid  state  diffusion  and  accompanied  by 
an  undesirable  increase  in  thermal  conductivity.  In 
this  respect,  it  is  interesting  to  note  that,  as  reported 
by  Lee  et  al.  [40],  annealing  a  Hf02  thin  film  at 
900°C  enhances  its  thermal  conductivity  by  only  20%. 
It  is  to  be  noted  also  that  the  fabrication  of  such 
coatings  would  certainly  require  serious  modifications 
of  techniques  employed  at  present  in  production,  or 
adapting  new  techniques  to  this  application 
(sputtering  with  multiple  targets  for  instance). 

4. 4.  Concluding  remarks 

Several  possibilities  exist,  in  principle  to  lower  the 
thermal  conductivity  of  TBCs  :  incorporation  of  point 
defects  (vacancies,  substitution  cations),  optimising 
the  microcrack  network  and,  to  a  lesser  extent, 
porosity  distribution,  and  introducing  structural 

disorder  via  the  deposition  process.  It  must  be  kept  in 
mind  though  that,  as  exposed  in  the  introduction, 
TBCs  must  fulfil  a  set  of  requirements,  and  thermal 
conductivity  is  only  one  of  them.  In  particular,  it 
would  be  highly  questionable  to  develop  TBCs  that 
could  not  be  deposited  with  processes  such  as  plasma 
spraying  or  EBPVD  (or  alternative  processes 

currently  under  development).  And  the  design  of  low 
thermal  conductivity  coatings  must  take  into  account 
the  requirements  associated  with  the  processes.  For 
instance,  depositing  materials  having  complex 

compositions,  in  particular  with  elements  having 

widely  differing  vapour  pressures,  may  prove  to  be  too 
difficult  to  control  in  production  with  EBPVD 
processes  ;  similarly,  a  stack  of  numerous  very  thin 
layers  presenting  a  highly  disordered  structure  may  be 
possible  to  fabricate  by  a  PVD  (or  a  CVD)  process, 
but  not  by  plasma  spraying.  Additional  work  is 
needed  however  to  study  the  thermal  (meta)stability  of 
these  defective  structures. 

5.  CONCLUSION 

Lowering  the  thermal  conductivity  of  the  ceramic 
coating  of  a  TBC  applied  on  airfoils  in  the  hot  stages 
of  a  turbine  represents  an  important  challenge  for 
designing  improved  performance  systems.  This  paper 
has  modestly  indicated  and  listed  a  few  paths  to  tackle 
this  topic,  some  of  which  have  already  been  explored  : 

■  changing  the  chemistry  of  the  ceramic  material  in 
order  to  incorporate  point  defects  (vacancies, 
substitution  cations)  by  playing  both  on  the  base 
element  (zirconia  at  the  .moment)  and  on  the 
stabiliser,  the  main  difficulty  being  to  obtain 
sufficiently  stable  phase  structures  and  staying 
within  composition  ranges  such  that  the  disorder 
is  maximum  as  far  as  phonon  scattering  is 
concerned. 

■  optimising  the  coating  morphological  features 
(porosity,  crack  network)  so  that  the  heat  transfer 
perpendicular  to  the  external  surface  is  minimised. 
This  requires  the  development  of  modelling  tools 
such  as  in  the  approach  described  in  [36]  and  a 
good  knowledge  of  the  relationship  between 
processes  parameters  and  coating  structures. 


■  designing  new  coating  architectures  (nanolayers). 

It  is  felt  that,  up  to  now,  several  points  have  received 
little  attention  and  would  be  worth  exploring  in  more 
details : 

■  characterising  the  optical  properties  of  the  real 
coatings,  in  order  to  evaluate  the  possible  influence 
of  radiation  to  the  heat  transfer  through  the 
ceramic  coating,  and  develop  ways  to  decrease  this 
contribution. 

■  assessing  the  thermal  stability  of  the  new  systems ; 
with  TBCs  having  low  thermal  conductivity,  the 
surface  temperatures  of  the  ceramic  coating  are 
likely  to  rise,  compared  to  the  temperatures  reached 
with  present  systems,  and  provoke  a 
microstructural  evolution  of  the  outmost  region  of 
this  ceramic  layer,  through  sintering,  or  phase 
transformations,  which  in  turn  will  increase  the 
thermal  conductivity. 

Finally,  it  is  important  to  insist  on  the  fact  that 
designing  TBCs  for  engine  airfoils  requires  a 
multidisciplinary  approach  taking  into  account  various 
aspects  :  materials  (ceramic  behaviour,  oxidation  of 
bondcoat,  thermal  conductivity,  etc.),  processes 
(ceramic  morphology),  life  prediction  modelling,  blade 
design,  quality  control,  commercial  (patents),.. 
Thermal  conductivity  is  only  one  aspect  of  the  design 
and  changing  the  ceramic  composition  to  lower  the 
intrinsic  conductivity,  for  example,  is  likely  to  have 
important  repercussions  on  the  other  properties.  The 
design  of  the  final  coating  may  have  to  fully  exploit 
the  flexibility  and  capabilities  offered  by  present 
coating  processes,  by  developing  multilayer  coatings, 
each  layer  (corresponding  to  a  temperature  range  and  a 
particular  environment  in  service)  having  a  specific 
function  . 

Acknowledgements  :  Particularly  fruitful  discussions 
with  Odile  Lavigne,  during  the  preparation  of  this 
paper,  are  gratefully  acknowledged. 

References 

1.  Miller  R.A.,  «  Thermal  barrier  coatings  -  History 
and  directions »,  in  « Thermal  Barrier  Coating 
Workshop,  NASA  CP33 12,  1995,  pp  17-34. 

2.  Stecura  S.,  «  Optimisation  of  NiCrAl/Zr02-Y203 
Thermal  barrier  system,  NASA  TM  86905,  1985. 

3.  Bose  S.,  DeMasi-Marcin  J.,  « Thermal  barrier 
coating  experience  in  the  gas  turbine  engine  at 
Pratt  &  Whitney  »,  in  NASA  CP  3312,  1995,  pp 
63-78. 

4.  Meier  S.M.,  Nissley  D.M.,  Sheffler  K.D.,  Cruse 
T.A.,  «  TBC  life  prediction  model  development  - 
phase  II »  -  PWA  Final  report;  NASA  CR  189111, 
1991. 

5.  Miller  R.A.,  Garlick  R.G.,  Smialek  J.L.,  «  Phase 
stability  in  plasma-sprayed  zirconia-yttria »,  Am. 
Ceram.  Soc.  Bull.,  62,  1983,  pp  1355-1358. 

6.  Lelait  L.  (1991)  :  Etude  microstructurale  fine  de 
revetements  ceramiques  de  type  barriere  thermique 


1-9 


;  incidence  sur  la  resistance  thermomecanique  de 
ces  revetements.  These  de  l'Universite,  de  Paris 
Sud  (Orsay). 

7.  Alperine  S.,  Lelait  L.,  «Microstructural 
investigations  of  plasma-sprayed  yttria  partially 
stabilized  zirconia  TBC,  in  relation  with 
thermomechanical  resistance  and  high 
temperature  oxidation  mechanisms »,  in  Proc. 
37th  ASME  international  Gas  Turbine  & 
Aeroengine  Congress  (Koln)  92-GT-317  (1992). 

8.  Brindley  W.J.,  « Properties  of  plasma  sprayed 
bond  coats  »,  in  TBC  Workshop,  March  27-29, 
1995,  NASA  CP33 12,  pp  189-202. 

9.  Pint  B.A.,  Wright  I.G.,  Lee  Y.J.,  Zhang  Y., 
Pruzner  K.,  Alexander  K.B.,  «  Substrate  and  bond 
coat  compositions  :  factors  affecting  alumina  scale 
adhesion  »,  to  be  published  in  Materials  Science 
and  Engineering. 

10.  Schulz  U.,  Fritscher  K.,  Ratzer-Scheibe  H.J., 
Kaysser  W.A.,  Peters  M.  ,  in  Proc.  4th  Internat. 
Symp.  on  High  temp.  Corrosion  &  Protection  (Les 
Embiez,  France,  20-24  May  1996),  to  be 
published. 

11.  Siegel  R.,  Spuckler  C.M.,  «  Analysis  of  thermal 
radiation  effects  on  temperatures  in  turbine  engine 
thermal  barrier  coatings »,  in  Proc.  TBC 
Workshop  97,  Cincinnati,  OH,  19-21  May  1997, 
pp  17-26. 

12.  DeMasi  J.T.,  Ortiz  M.,  Sheffler  K.D.,  «  Thermal 
barrier  coating  life  prediction  model  development. 
Phase  1  »,  NASA  CR  182230,  1989. 

13.  Miller  R.A.,  Leissler  G.W.,  Jobe  J.M.  (1993)  : 
Characterization  and  durability  testing  of  plasma- 
sprayed  zirconia-yttria  and  hafnia-yttria  thermal 
barrier  coatings.  Part  I.  NASA  TP  3295. 

14.  H.E.  Eaton,  J.R.  Linsey,  R.B.  Dinwiddie  (1994)  : 
The  effect  of  thermal  aging  on  the  thermal 
conductivity  of  plasma  sprayed  fully  stabilized 
zirconia.  Thermal  Conductivity  22,  289-300.  14b. 
Dinwiddie  R.B.,  Beecher  S.C.,  Porter  W.D., 
Nagaraj  B.A.,  «  The  effect  of  thermal  aging  on  the 
thermal  conductivity  of  plasma-sprayed  and 
EBPVD  thermal  barrier  coatings »,  ASME  96- 
GT-982,  pp  1-7. 

15.  Morrell  P.  ,  Taylor  R.,  «  Thermal  diffusivity  of 
thermal  barrier  coatings  of  Zr02  stabilized  with 
Y203  »,  High  Temp.  High  Press.  17,  1985,  pp  79- 
88. 

16.  Staniek  G.,  Marci  G.,  in  Proc.  Werkstofif- 
Kolloquium  DLR,  10  dec.  1996,  eds  M.  Peters  et 
al.,  pp  50-53. 

17.  Portal  R.,  Etude  de  la  conductivite  thermique  de 
couches  minces  de  Zr02-Y203  deposees  par 
EBPVD  »,  Rapport  de  stage  SNECMA,1997. 

18.  Hasselman  D.P.H.,  Johnson  L.F.,  Bentsen  L.D., 

Syed  R.,  Lee  H.L.,  Swain  M.V.,  « Thermal 
diffusivity  and  conductivity  of  dense 

polyciystalline  Zr02  ceramics  :  a  survey »,  Am. 
Ceram.  Soc.  bull.  66(5),  1987,  799-806. 

19. Youngblood  G.E.,  Rice  R.W.,  Ingel  R.P., 
« Thermal  diffusivity  of  partially  and  fully 


stabilised  (yttria)  zirconia  single  crystals »,  J.  Am. 
Ceram.  Soc.  71(4),  1988,  255-260. 

20.  Pawlowski  L.,  Lombard  D.,  Mahlia  A.,  Martin  C., 
Fauchais  P.,  «  Thermal  diffusivity  of  arc  plasma 
sprayed  zirconia  coatings »,  High  Temp.  High 
Press.  16,  1984,  pp  347-359. 

21.  Taylor  R.E.,  «  An  overview  of  the  measurements  of 
thermophysical  properties  and  some  results  of 
molten  superalloys  and  semiconductors »,  in 
NASA  CP10121,  1993,  ppl29-142. 

22.  Klemens  P.G.,  « Thermal  conductivity  of 

zirconia »,  in  « Thermal  conductivity  23 », 
Technomics,  Lancaster  PA  (1996),  pp  209-220. 

23.  Klemens  P.G.,  « Theory  of  the  thermal 

conductivity  of  solids »,  in  « Thermal 
conductivity  »,  vol.  1,  Acad.  Press,  1969,  1-68. 

24.  Kittel  C.,  « Introduction  to  solid  state  physics », 
1986,  Wiley. 

25.  Slack  G.A.,  « The  thermal  conductivity  of 
nonmetallic  ciystals»,  Solid  State  Physics  34, 
1979,  pp  1-71. 

26.  Schulz  U.,  Fritscher,  Peters  M.,  «  EBPVD  Y203- 
and  Ce02/Y203-stabilized  zirconia  thermal  barrier 
coatings  -  crystal  habit  and  phase  composition  », 
Surf.  Coat.  Technol.  82,  1996,  pp  259-269. 

27.  Maloney  M.J.,  Achter  H.S.,  Barkalow  B.K., 
«  Development  of  low  thermal  conductivity  thermal 
barrier  coatings ».  Communication  presented  in 
Thermal  Barrier  Coating  Workshop  (Cincinnati, 
may  1997), 

28.  Padture  N.P.,  Klemens  P.G.,  « Low  thermal 
conductivity  in  garnets »,  J.  Am.  Ceram.  Soc. 
80(4),  1997,  pp  1018-1020. 

29.  Fournier  D.  et  al.,  to  be  published  (1997). 

30.  Z.R.  Dai,  Z.L.  Wang,  Y.R.  Chen,  H.Z.  Wu,  W.X. 
Lu  (1996)  :  Local  ordering  of  oxygen  vacancies  in 
cubic  zirconia  stabilized  with  yttria  and  magnesia. 

I.  Electron  diffuse  scattering  study.  Phil.  Mag. 
73(2)  415-430.29b.  Z.R.  Dai,  Z.L.  Wang,  W.X.  Lu 
(1996)  :  Local  ordering  of  oxygen  vacancies  in 
cubic  zirconia  stabilized  with  yttria  and  magnesia. 

II.  Determination  of  local  ordering  parameters  of 
oxygen  vacancies.  Phil.  Mag.  73(6)  1685-1698. 

31.  Klemens  P.G.,  « Theory  of  heat  conduction  in 
nonstoichiometric  oxides  and  carbides »,  High 
Temp.  High  Press.,  17,  1995,  pp  41-45. 

32.  Fukushima  S.,  Ohmichi  T.,  Handa  M.,  «  The  effect 
of  rare  earths  on  thermal  conductivity  of  uranium, 
plutonium  and  their  mixed  oxide  fuels »,  J.  Less- 
Common  Metals,  121,  1986,  pp  631-636. 

33.  Klemens  P.G.,  «  Phonon  scattering  and  thermal 
resistance  due  to  grain  boundaries »,  Internat. 
Journal  of  Thermophysics  15(6)  ,  1994,  ppl345- 
1351. 

34.  Cahill  D.G.,  Watson  S.K.,  R.O.  Pohl  R.O., 
« Lower  limit  to  the  thermal  conductivity  of 
disordered  crystals)),  Phys.  Rev.  B  46(10),  1992, 
pp  6131-6140. 

35.  McPherson  R.,  « A  model  for  the  thermal 
conductivity  of  plasma-sprayed  ceramic  coatings », 
Thin  Solid  Films,  1 12,  1984,  89-95  . 


1-10 


36.  Moreau  C.,  Boire-lavigne  S.,  Saint-Jacques  R.G., 
«  The  relationship  between  the  microstructure  and 
thermal  diffusivity  of  plasma-sprayed  tungsten 
coatings  »,  in  Proc.  7th  National  Thermal  Spray 
Conf.,  20-24  June  1994,  Boston,  ASM,  pp  621- 
626. 

37.  Dorvaux  J.-M.,  Lavigne  O.,  Poulain  M.,  Renollet  Y. 
Rio  C.,  Mevrel  R.,  « Modelling  the  thermal 
conductivity  of  TBCs  »,  this  conference,  paper  12. 

38.  Brotzen  F.R.,  Loos  P.J.,  Brady  D.P.,  «  Thermal 
conductivity  of  thin  Si02  films  »,  Thin  Solid  Films 
207,  1992,  pp  197-201. 

39.  Henager  C.H.,  W.T.  Pawlewicz,  « Thermal 
conductivities  of  thin  sputtered  optical  films ». 
Applied  Optics  32(1),  1993,  pp  91-101. 

40.  Lee  S.-M.,  D.G.  Cahill,  T.H.  Allen,  «Thermal 
conductivity  of  sputtered  oxide  films  ».  Phys.  Rev. 
B  52(1),  1995,  pp  253-257. 

41.  Lambropoulos  J.C.,  M.R.  Jolly,  C.A.  Amsden, 
S.E.  Gilman,  M.J.  Sinicropi,  D.  Diakomihalis, 
S.D.  Jacobs,  «  Thermal  conductivity  of  dielectric 
thin  films  »,  J.  Appl.  Phys.  66(9),  1989,  pp  4230- 
4242. 

42.  Shaw-Klein  L.J.,  « Microstructural  effect  on 
thermal  conductivity  of  thin  films  »,  Ph.  D.  thesis. 
University  of  Rochester  (USA)  1992. 

43.  Oishi  Y.,  Ken  Ando,  Sakka  Y.,  «  Lattice  and 
grain-boundary  diffusion  coefficients  of  cations  in 
stabilized  zirconias  »,  Adv.  Ceramics,  7,  1984,  pp 
208-219. 

44.  Mullen  R.,  Allen  W.P.,  Gell  M.,  Barkalow  R.H., 
Noetzel  A.A.,  Appleby  J.W.,  Khan  A.A., 

«  Multiple  nanolayer  coating  system  »  PCT  WO 
96/11288,  1996. 


3-1 


RECENT  DEVELOPMENTS  IN  PLASMA  SPRAYED  THERMAL  BARRIER  COATINGS 


Drs.  P.  FAUCHAIS,  A.  VARDELLE  and  M.  VARDELLE 


L.M.C.T.S.  -  Equipe  Plasma,  Laser,  Materiaux 
Universite  de  Limoges  -  UPRES  A  6015  -  Faculte  des  Sciences 
123,  Avenue  Albert  Thomas  -  87060  LIMOGES  Cedex  -  FRANCE 


Abstract 

This  paper  presents  a  review  of  our  present 
knowledge  in  the  formation  of  plasma  sprayed 
Thermal  Barrier  Coatings  (TBCs).  The  following 
points  are  examined  for  TBCs  made  of  zirconia 
partially  stabilized  with  8  wt  %  of  yttria  : 

-  characteristic  times  for  particle  flattening,  splat 
cooling  and  solidification  with  the  corresponding 
cooling  rates  and  microstructure. 

-  critical  preheating  temperature  of  substrates  or 
previously  deposited  layers  to  achieve  a  good  contact 
with  splats.  An  explanation  of  the  effect  of  this  critical 
temperature  is  proposed. 

-  times  between  two  impact  events  at  the  same 
location  and  two  successive  passes.  The  consequences 
on  the  mean  temperature  within  coating  in 
conjunction  are  underlined  for  various  substrate  and 
coating  cooling  devices. 

-  the  effect  of  substrate  critical  temperature  and 
substrate  oxidation  stage  on  coating  adhesion/ 
cohesion. 

-  splat  layering  and  temperature  conditions  at 
which  a  columnar  structure  can  grow  through  the 
whole  coating.  The  consequences  on  stresses  develop¬ 
ment  during  and  after  spraying  and  coating  Young's 
modulus,  are  discussed. 


-  at  last,  the  parameters  which  have  to  be 
controlled  during  spraying  to  achieve  a  much  better 
reproducibility  of  coatings.  A  special  emphasize  is 
given  to  torch  voltage  fluctuations  related  to 
electrodes  erosion,  powder  injection  conditions  and 
finally  substrate  and  coating  temperature  before 
(preheating)  during  and  after  (cooling)  spraying. 

1.  INTRODUCTION 

Thermal  barrier  coatings  (TBCs)  are  now 
included  as  part  of  the  initial  engine  of  turbine- 
powered  aircrafts.  They  make  them  possible  to 
achieve  an  average  reduction  in  the  metal  temperature 
for  turbine  blades  of  50  to  80°C  and  reduction  of 
blade  hot-spot  temperature  of  up  to  139°C.  The  latter 
are  only  a  fraction  of  the  capability  of  TBCs, 
estimated  at  170°C  or  more  [1],  TBCs  have  also  been 
used  in  land-based  turbine  combustors  for  10  years, 
and  in  diesel  engines  where  graded  coatings  are 
highly  effective.  In  all  cases,  the  purpose  is  to 
enhance  component  durability  while  running  the 
engine  operating  temperature.  In  this  paper  TBCs  for 
diesel  engines  will  not  be  considered.  The  difference 
between  nominal  requirements  for  aircraft  and  power 
generation  turbine  applications  are  summarized  in 
table  1  [2], 


Requirement 

Commercial  aircraft 

Power  generation 

Number  of  cycles 

Total  hours 

Hours  at  peak  conditions 

Peak  surface  temperature 

Peak  bond  coat  temperature 
Relative  size 

8000 

8000 

300 

>1204°C  (2200°F) 

1093°C  (2000°F) 
lx 

2,400 

24,000 

24,000 

<1204°C  (2200°F) 

954°C  (1750°F) 

5x 

Table  1  :  Comparison  of  nominal  TBC  requirements  for  aircraft 
and  power  generation  turbine  applications  [2], 


Paper  presented  at  an  AGARD  SMP  Meeting  on  “Thermal  Barrier  Coatings”, 
held  in  Aalborg,  Denmark,  15-16  October  1997,  and  published  in  R-823. 
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The  main  criteria  for  power  generation  use  of 
TBCs  are  the  time  and  temperature  effects  on  bond 
coat  and  substrate,  coating  densification  and  changes 
in  thermal  or  mechanical  properties  of  the  coatings. 

As  underlined  in  reference  [3]  for  advanced 
land-based  gas  turbines,  the  goals  that  are  to  be 
achieved  together  with  issues  and  challenges  are 
summarized  in  fig.  1. 

For  a  long  period  (more  than  20  years)  TBCs 
were  essentially  plasma-sprayed  in  air  (APS)  [4-7]  or 
controlled  atmosphere  [8].  Since  a  few  years  Physical 
Vapor  Deposition  assisted  by  Electron  Beam  (EB- 
PVD)  TBCs,  have  been  available  on  the  market  [9,10] 
especially  for  aircraft  engines.  The  advantages 
claimed  relatively  to  APS  TBCs  are  the  following  : 


-  a  columnar  structure  under  certain  conditions 
of  evaporation, 

-  a  fast  tapering  at  the  opening  of  cooling  holes 
while  plasma  sprayed  coatings  have  a  greater 
tendency  to  built  up  coating  at  that  location, 

-  possibility  to  achieve  much  more  smoother 
surfaces, 

-  high  adhesion/cohesion  values  (~  70  MPa), 

-  low  residual  stress  at  room  temperature 
(-  70  MPa), 

-  reduction  of  temperature  of  38-66°C  in  stage  of 
High  Pressure  Turbine  Blade, 

-  high  number  of  cycles  in  engine  testing  :  1 80 
for  blades  and  20000  for  engine  nozzle. 


Improving  TBC  performance  requires 
a  systems  approach 

Goals  Issues  &  Challenges 


Higher  thermal 
stability 


Reduced  spallation 
at  the  interface 


Improved 
oxidation/corrosion 
Protection 


Stabilized 

ZrO, 


Bond  coat 


Ni-based 

superalloy 


•  Microstructure,  Stabilizer 

•  APS,  EBPVD,  etc. 


Understanding  damage 
mechanisms 

Oxidation, Fatigue,  Creep,  Phase 
&  Property  changes,  Hot 
corrosion,  Erosion,  Diffusion,  etc 
Reliable  life  prediction 


•  PtAI,  MCrAlY,  Desulfurization 

•  VPS,  HVOF,  CVD  etc. 


Fig.  1  :  Approach  for  improving  TBC  performances  [3], 


However,  it  does  not  mean  necessarily  that  APS 
TBCs  have  no  future.  For  example  they  have  a 
significant  advantage  in  being  able  to  accommodate 
the  large  size  components  found  in  modern  large 
power  generation  machines.  Each  component 
application  of  a  TBC  requires  careful  study  and 
review  to  determine  whether  APS  or  EB-PVD  has  to 
be  used  [3],  Moreover,  a  better  understanding  of  the 
APS  coating  formation  could  result  in  coatings  with 
similar  properties  as  those  obtained  by  EB-PVD.  The 
aim  of  this  paper  is  first  to  review  what  is  our 
knowledge  in  plasma  sprayed  coating  formation.  We 
will  first  were  discuss  the  splat  formation,  their 
layering  and  the  resulting  coating  adhesion/cohesion 
as  well  as  residual  stresses.  We  will  second  underline 
which  parameters  have  to  be  controlled  during 


spraying  to  achieve  a  much  better  reproducibility  of 
the  plasma  spray  process. 

2.  PLASMA  SPRAYED  COATING  FORMATION 

All  the  results  presented  in  this  paper  concerned 
fused  and  crushed  powders  with  8  wt%  Y203.  They 
are  called  in  the  following  YSZ. 

2.1.  Characteristic  times  and  cooling  rates 

Table  2  summarizes  characteristic  time  values 
for  particles  in  the  size  range  22-70  pm  sprayed  with 
d.c.  torches  and  impacting  at  velocities  between  80 
and  260  m/s  on  smooth  surfaces  (Ra  <  0. 1  pm)  [11- 
14], 
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Flattening  time 
tf  (ps) 

Starting  of  nucleation 
tn(FS) 

Solidification  time 
ts  (Fs) 

Time  between  two 
impact  events  at  the 
same  location  tj  (ps) 

Time  between  two 
successive  passes 
tf  (ps) 

1-3 

0.3-2.5 

<  10 

500-5000 

106- 107 

Table  2  :  Characteristic  times  in  d.c.  plasma  spraying. 


These  various  times  show  clearly  that  the 
impacting  particles  and  resulting  splats  will 
experience  very  different  temperature  histories  : 

2.1.1.  Single  splat 

Many  theoretical  studies  have  been  devoted  to 
the  impact  and  flattening  of  the  particles  on  the 
substrate  (see  their  description  in  [14]).  All  of  them, 
except  one,  concern  impacts  on  smooth  surfaces. 

a)  Smooth  surfaces 

Phenomena  at  impact  can  be  characterized  by 
the  particle  Weber's  number  (We  =  pp  .  d  ,vp2/ap 
where  pp,  vp,  d  are  the  particle  specific  mass,  impact 
velocity  and  diameter  respectively  and  ap  its  surface 
tension),  and  Reynolds'  number  (Re  =  pp  .  vp  .  d/pp 
where  Pp  is  the  particle  viscosity  at  impact).  When 
flattening  starts,  We  can  be  rather  high  (up  to  10000) 
and  the  flattening  process  is  independent  of  particle 
surface  tension  which  has  importance  only  when 
flattening  is  almost  completed.  These  theories  end  up 
in  relationships  giving  the  particle  flattening  degree  \ 
and  flattening  time  tf  as  functions  of  the  Reynolds 
number.  E,  is  defined  as  the  ratio  of  the  splat  diameter 
D  (assumed  to  have  a  disk  shape)  to  that  of  the 
impacting  particle  d. 

S  =  K.Re“  (1) 


k  varies  between  0.8  and  1.2941  while  a  is 
either  0.2  or  0.125  or  0.167. 

Typical  values  for  a  zirconia  particle  30- pm  in 
diameter,  impacting  at  vp  =  200  m/s  at  a  temperature 
Tp  =  Tm  x  1.3,  where  Tm  is  zirconia  melting 
temperature,  are  for  example  \  =  4.8  which 
corresponds  to  a  splat  thickness  es  ~  1.1  pm  and  tf  - 
1  ps.  If  the  impacting  particle  velocity  increases,  £, 
increases  while  tf  and  es  decrease  and  it  is  the  reverse 
if  vp  decreases.  The  most  recent  theories  have  shown 
that  solidification  can  start  before  flattening  is 
completed  [15].  Solidification  depends  mainly  on 
[14,15]  the  wettability  of  the  molten  material,  the 
thermal  contact  resistance  Rtj,  with  the  substrate,  the 
splat  thickness  es  and  the  thermal  properties  of  the 
substrate  material.  The  interfacial  contact  resistance 
characterizes  the  real  contact  with  the  substrate  or  the 
previously  deposited  layers.  It  can  vary  between  10-6 
and  10-8  m2.K/W,  the  last  value  corresponding  to  a 
perfect  contact.  Fig.  2  represents  the  time-tem¬ 
perature  evolution  of  a  zirconia  splat  1-pm  thick  for 
two  values  of  R^.  For  values  below  10-7  m2.K/W  (see 
fig.  2.a),  the  temperature  Tb  of  the  lower  surface  of 
the  splat  decreases  very  fast  while  the  substrate 
surface  temperature  T;  increases  very  fast.  Over  R^,  = 
lO7  m2.K/W,  there  is  nearly  no  temperature  gradient 
within  the  splat  (see  fig.  2.b)  while  Tj  is  much  lower. 


tf  =  2  .  dp  .  Re°  2/(3  .  vp)  (2) 


Fig.  2  :  Splat  surface  and  bottom  as  well  as  interface  temperature  evolutions  for  two  values  of  Rth 
(1-pm  thick  Zirconia  splat  on  a  smooth  stainless  steel  substrate  at  600  K). 
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In  both  cases  the  increase  in  splat  surface  temperature 
is  due  to  the  recalescence  phenomenon.  However, 
these  results,  which  have  been  obtained  by  assuming  a 
constant  nucleation  temperature  of  2500  K  and  an 
instantaneous  full  contact  of  the  whole  splat,  can  be 
deeply  modified  if  nucleation  process  is  included  in 
the  model  and  the  evolution  of  the  contact  surface 
during  flattening  is  accounted  for. 

The  corresponding  cooling  rates  during  the  first 
ps  are  between  106  and  109  K/s.  For  R*  <  HF 
m2.K/W  the  heat  transfer  rate  from  droplet  to 
substrate  is  very  high  and  the  liquid  can  be  cooled 
well  below  the  melting  point  in  one  microsecond  or 
less.  It  is  therefore  quite  plausible  that  in  this  very 
short  time  interval,  the  liquid  does  become 
undercooled  and  nucleation  of  crystals  is  delayed  until 
after  the  droplet  has  almost  completely  spread  out. 

As  shown  in  fig.  2,  if  during  flattening  and  just 
after,  the  cooling  rate  is  very  high,  its  slows  down 
drastically  for  times  longer  than  10  to  50  ps.  The  splat 
temperature  tends  then  slowly  to  the  mean  substrate 
and  previously  deposited  layer  temperature  Td 
imposed  by  torch  heating,  previously  deposited  pass 
thickness  and  cooling  devices. 

b)  Rough  surfaces 

Only  one  model  accounting  for  the  substrate 
roughness  has  been  proposed  [16]  up  to  now.  The 
roughness  was  schemed  by  cones.  This  model  gives 
for  the  flattening  degree  a  relationship  similar  to  (1) 
but  multiplied  by  a  function  depending  on  the  cone 
height  and  the  valley  volume.  It  results,  of  course,  in 
thicker  splats  which  shape  is  not  that  of  a  disk. 
Assuming  the  same  value  of  Rdl  than  for  smooth 
substrates,  the  cooling  rate  will  be  lower  due  to  the 
higher  value  of  es. 

2.1.2.  Layering  splats 

As  powder  loading  is  rather  low  in  plasma 
spraying  [14],  statistically  a  new  particle  impacts  on  a 
previously  deposited  splat  in  times  tj  of  the  order  of 
500-5000  ps  i.e.  on  already  solidified  splats.  The 
surface  temperature  of  the  first  splat  due  to  the  impact 
of  successive  layering  splats  will  depend  strongly  on 
Rth  and  the  mean  temperature  of  substrate  and  coating 
Td.  This  leads,  as  schemed  in  fig.  3,  in  impulse 
reheatings  with  the  first  splat  surface  peak 
temperature  decreasing  progressively  due  to  the 
insulation  by  the  successively  deposited  splats. 


Fig.  3  :  Impulse  reheating  of  the  first  splat  surface  by 
the  layering  splats. 


The  temperature  Td  is  linked  to  : 

-  substrate  preheating  temperature  Tph  ; 

-  substrate  dimension,  thickness  and  thermal  pro¬ 
perties  (controlling  the  heat  sink) ; 

-  relative  movement  torch  to  substrate.  This  mo¬ 
vement  determines  the  pass  thickness  ep  (the  heat 
content  of  layered  splats  increases  with  ep  which  can 
vary  from  a  few  layered  splats  to  a  few  hundreds)  and 
the  time  t,  for  the  torch  to  come  back  at  the  same 
location  (heating  by  plasma  plume  flux) ; 

-  cooling  devices  used  :  air  jets  blowing  at  the 
substrate  and  coating  surface,  and  air  barrier  blowing 
orthogonally  to  the  plasma  jet  to  reduce  in  a  ratio  up 
to  six  the  plasma  plume  heat  flux  [18],  but  also 
cooling  down  the  droplets  traversing  it  [19]. 

2.2.  Splat  formation 

Experimental  set-ups  were  developed  to 
determine  the  velocity  vp,  surface  temperature  Tp  and 
diameter  d  of  a  single  particle  prior  to  its  impact  and 
then  its  temperature  and  surface  evolutions  during 
flattening  as  well  as  the  surface  temperature  evolution 
of  the  resulting  splat  during  its  cooling.  The  interested 
reader  can  find  a  presentation  of  these  set-ups  in  [12- 
14]. 

Other  techniques  allow  the  collection  of  a  few 
thousands  of  splats  all  over  the  spray  cone  on  a 
controlled  temperature  substrate  to  determine  their 
diameter  and  shape  factor  distributions  [13]. 

At  last,  a  detailed  observation  of  the  structure  of 
the  splats  collected  on  smooth  surfaces  can  be  obtai¬ 
ned  by  Atomic  Force  Microscopy  making  it  possible 
to  see  the  details  of  the  columnar  growth  [20], 
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The  main  results  are  as  follows  : 

2.2.1.  On  smooth  surfaces 

Experimental  evidences  [21]  have  shown  that 
there  is  a  substrate  critical  temperature  Tc,  below 
which  the  splats  are  extensively  fingered  while  over 
which,  they  have  almost  a  perfect  disk  shape  as  shown 
in  fig.  4.  For  Zr02  it  was  found  that  this  transition 
temperature  is  between  450  and  550  K. 

This  phenomenon  seems  to  be  almost 
independent  of  the  particle  impact  velocity.  For 
example  Table  3  presents  results  obtained  with 
-45  +  22  pm  particles  which  velocities  range  between 
200  m/s  along  the  jet  axis  to  110  m/s  at  the  limit  of 
the  spray  cone.  The  data  of  this  table  correspond  to 
about  3000  splats  processed  by  image  analysis.  On  the 


Fig.  4  :  Micrographs  of  zirconia  particles  sprayed,  on 
(a)  350  K  substrate,  (b)  550  K  substrate  (impact 
velocity  -  200  m/s). 


Substrate  temperature  Tph  (K) 

350 

573 

Analyzed  area 

center 

periphery 

center 

periphery 

D  splat  mean  diameter  (pm) 

67  ±24 

59  ±20 

107  ±  44 

101  ±36 

SF  shape  factor  (pm) 

0.68  ±  0.20 

0.67  ±0.21 

0.95  ±0.13 

0.94  ±0.12 

CR  cooling  rates  (K/ps) 

100-200 

— 

500-800 

— 

Table  3  :  Splat  mean  diameter  D,  shape  factor  SF  and  cooling  rate  CR  with  substrate 
temperature  and  location  within  the  spray  cone. 


hot  substrate,  the  mean  Shape  Factor  SF  is  close  to 
one,  both  in  the  spray  cone  central  part  and  its 
periphery  even  if  the  mean  splat  diameter  D  is 
slightly  smaller  in  the  spray  cone  periphery,  as  it 
could  be  expected.  SF  is  defined  as  4  II  S/P2  where 
P  is  the  splat  perimeter  and  S  its  surface  area  ( SF  =  1 
for  a  disk).  For  cold  substrates  D  is  by  far  smaller 
due  to  material  splashing  and  SF  ~  0.67  against  0.94. 
The  dispersion  is  also  higher.  However,  if  the 
substrate  is  oxidized  (due  "to  a  too  long  preheating) 
splats  are  again  extensively  fingered.  The  oxidation 
stage  depends  strongly  on  the  preheating  time  with  the 
plasma  jet  and  the  substrate  material  [20,22].  Splat 
cooling  rates,  measured  by  fast  pyrometry  [12-14],  are 
3-6  times  higher  with  the  hot  substrate.  For  the  disk 
shape  splats  obtained  at  573  K,  the  splat  cooling 
theoretical  curve  [23]  of  a  1-D  model  has  been 
adjusted  to  the  experimental  curve  by  varying  the 
thermal  contact  resistance.  Values  of  -  10  7  - 
lO8  m2.K/W  were  obtained  corresponding  to  an 
almost  perfect  contact  as  confirmed  by  the  crack 
network  due  to  quenching  stress  relaxation  observed 
in  fig.  4.b.  On  cold  substrates,  the  contact  resistance 
Rth  calculated  assuming  that  the  splats  have  a  disk- 
shape,  were  found  to  be  of  the  order  of  10-6  m2K/W. 
This  poor  contact  resistance  is  confirmed  by  the  pul¬ 
ling  off  of  splats  by  the  tip  of  a  perthometer.  This  does 
not  occur  when  splats  are  collected  on  hot  substrates. 


The  latter  exhibit  on  their  whole  surface,  a 
homogeneous  microstructure  with  a  columnar  growth 
perpendicular  to  the  surface  [20]  (see  fig.  5. a)  except 
in  the  splat  rim  (see  fig.  5.b)  where  the  columnar 
structure  is  parallel  to  the  substrate.  Indeed,  due  to 
splat  curling  [24]  the  rim  is  not  in  contact  with  the  hot 
substrate  and  cooling  occurs  through  the  already 
solidified  columnar  structure  of  the  central  part  of  the 
splat  resulting  in  a  columnar  structure  parallel  to  the 
substrate.  As  the  cooling  is  much  slower,  the  size  of 
the  columns  is  bigger.  On  cold  substrates  (Tph  <  Tc) 
only  a  very  few  AFM  measurements  could  be  done, 
the  splats  being  pulled  off  very  easily.  In  this  case,  the 
central  part  of  the  splat  consists  of  a  few  islands 
where  the  contact  is  good  (columnar  structure), 
however  with  bigger  columns  than  on  hot  substrates, 
surrounded  by  rims  where  the  crystal  growth  is 
parallel  to  the  substrate  [20],  The  "fingers"  exhibit  the 
same  morphology  as  that  of  the  rims.  As  a  general 
rule,  the  size  of  the  columns  depends  very  strongly  on 
the  cooling  rate  as  illustrated  in  Table  4  for  two 
different  substrate  materials  and  spraying  equipments. 
With  the  RF  plasma  torch,  the  particle  impact  velo¬ 
cities  are  lower  than  80  m/s  resulting  in  splat  thick¬ 
nesses  es  in  the  range  2-2.5  pm  against  0.9- 1.2  pm 
with  d.c.  plasma  torches.  These  thicker  splats  cool 
down  slower  (in  a  ratio  6-10)  than  the  thinner  splats. 
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Eg, .5  :  AFM  view  of  an  YSZ  plasma  sprayed  with  a  d.c.  torch  (vp  =  210  m/s,  Tp  =  3400  K) 
(a)  splat  central  part  (note  the  cracks)  (b)  splat  rim. 


Plasma  torch 

d.c.  torch  with  a  7  mm  i.d.  nozzle 

r.f.  torch  with  a  50  mm  i.d. 

substrate  material 

stainless  steel  304  YSZ 

stainless  steel  304L 

YSZ 

splat  thickness  es  (pm) 

0.95 

2.2 

CR  cooling  rate  (K/ps) 

645 

115 

105 

16 

t,  solidification  time  (ps) 

0.74 

1.23 

4.54 

7.6 

column  width  (nm) 

125 

250 

320 

>400 

Table  4  :  YSZ  column  width  with  respect  to  cooling  conditions  [19]. 


To  explain  the  occurence  of  the  critical 
temperature,  Vardelle  et  al.  [11,14]  have  proposed  to 
compare  the  time  tft  at  which  flattening  is  almost 
completed  (tft  ~  0.3-0.4  x  tf)  to  the  time  tn 
corresponding  to  the  onset  of  nucleation  (see  fig.  6).  If 
tn  >  tf„  nucleation  starts  only  when  flattening  is  almost 
completed  and  it  covers  the  whole  splat  surface 
allowing  it  to  keep  its  disk  shape.  This  is  confirmed 
by  the  observation  of  splats  collected  on  tilted 
substrates  :  these  splats  exhibit  an  elliptical  shape  with 
a  larger  thickness  in  the  direction  of  the  inclined 
substrate.  If  t„  <  tft  nucleation  starts  at  a  few  points 
which  impede  the  liquid  flow,  resulting  in  splashing, 
which  seems  to  be  confirmed  by  the  AFM  splat  study. 
tn  depends  strongly  on  the  maximum  value  of  the 
interface  temperature  Tj  which,  in  turn,  is  linked  to 
the  preheating  temperature  Tph- 

2.2.2.  On  rough  surfaces 

Fig.  7  shows  SEM  pictures  (back  scattered 
electrons)  of  zirconia  splats  collected  on  rough  304L 
substrate  (Ra  ~  6  pm)  [13].  It  can  be  seen  that, 
compared  to  smooth  substrates,  the  particles  are  by  far 
more  extensively  fingered  but  here  again  the  contact 
is  much  better  with  the  hot  substrate  as  shown  by  the 
microcrack  network  exhibited  by  splat  surface.  The 
splats  collected  on  rough  substrates  are  thicker.  This 


Eg.6  :  Characteristic  times  and  temperatures  Ts,  Tb 


and  Tj  at  splat  surface,  splat  bottom  and  interface 
respectively  ;  Tph  is  the  substrate  preheating 
temperature. 

results  in  a  drop  of  the  splat  cooling  rate.  On  the  304L 
stainless  steel  substrates  CR  was  found  to  be  about 
650  K/ps  for  smooth  hot  substrates  and  120  K/ps  for 
cold  substrates  With  the  rough  substrates,  the  drop  in 
CR  is  lower. 

2.3.  Coating  formation 

2.3.1.  Thin  passes 

Coatings  were  sprayed  [13,25]  on  a  rotating 
substrate  holder  1 10  mm  in  diameter  in  front  of  which 
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the  torch  was  moved  parallel  to  the  holder  axis.  The 
substrates  were  either  buttons  (0  =  25  mm,  e  =  6  mm) 
or  beams  (2  x  100  x  15  mm3)  made  of  cast  iron  FT25 
(only  botton  type),  ordinary  steel  XC38,  stainless  steel 
304L  and  Inconel  100. 

The  adhesion/cohesion  (A/C)  of  coatings  is 
closely  linked  to  residual  stresses  [26,27],  Beside 
those  resulting  from  grit  blasting  which  play  a  role  in 
A/C  [28],  the  two  most  important  are  the  quenching 
stress  aq  which  is  rather  low  for  YSZ  coatings  [29] 
(oq  <  20  MPa)  and  the  expansion  mismatch  stress  crAa 
which  depends  strongly  on  the  temperature  difference 
between  the  constant  spraying  temperature  Tj  and 
room  temperature.  In  order  to  reduce  as  much  as 
possible  residual  stresses,  YSZ  coating  thickness  was 
limited  to  300  pm  and  the  pass  thickness  was  3  pm 
thanks  to  a  fast  relative  movement  torch/  substrate.  In 
such  conditions  as  measured  aq  ~  8  MPa  [25]  and  aAot 
~  -15  MPa  at  300°C  and  -36  MPa  at  500°C  on  304L 
stainless  steel.  Thus  the  stress  difference  at  the 
interface  substrate  coating  is  rather  low  and  the 
coating  adhesion/cohesion  A/C,  measured  using  the 
test  DIN  50150  is  mainly  pure  A/C.  Table  5  presents 
typical  A/C  values  obtained  on  304L  stainless  steel, 
each  result  corresponding  to  the  mean  value  of  5 
measurements.  It  can  be  seen,  that  A/C  values 
increase  with  substrate  temperature  but  decrease  with 
preheating  time.  This  result  is  in  good  agreement  with 
the  previous  observations  on  splat  formation. 


b) 

Fig.  7  :  Splats  collected  on  rough  substrates 
(Ra  ~  5-6  pm),  a)  Tsub  =  350  K,  b)  Tsub  =  573  K. 


Preheating  temperature  (K) 

573  K 

773  K 

Preheating  time  (s) 

0 

60 

300 

900 

0 

120 

300 

900 

Coating  adhesion/cohesion  A/C  (MPa) 

20±2 

50±2 

40±2 

31±4 

20±2 

64+5 

49±2 

45±2 

Table  5  :  Coating  adhesion/cohesion  (A/C)  values  on  304  stainless  steel  substrates  preheated 
by  the  plasma  jet  at  two  different  temperatures  for  different  times. 


The  decreasing  in  A/C  values  when  the  preheating 
time  increases  is  explained  by  the  time-growth  and 
time-composition  change  of  the  oxide  layer  at  the 
304L  surface,  as  shown  by  recent  studies  [22]  :  the 
plasma  plume  contains  atomic  oxygen  and  oxidation 
is  somewhat  different  from  that  obtained  by 
preheating  substrates  in  a  furnace.  Similar  results  are 
obtained  on  FT25,  XC38  and  In  100  substrates  for 
different  temperatures  and  preheating  times.  The 
coating  Young's  modulii  obtained  by  comparing  the 
deflections  of  XC38  beams  measured  during  spraying 
[25,28]  with  values  calculated  using  a  1-D  code  based 
on  the  equations  proposed  by  Tsui  and  Clyne  [30],  are 
in  the  range  20-30  GPa.  However,  the  precision  is 
poor  (±  30%)  with  such  low  values. 


2.3.2.  Thick  passes 

In  order  to  limit  oxidation  problems  300  pm 
thick  coatings  sprayed  on  In  100  substrates  were 
preheated  to  different  temperatures  and  the  pass 
thickness  was  varied  from  25  to  300  pm/pass.  With  25 
pm  passes  for  preheating  temperature  Tph  over  873  K, 
aq  is  more  than  doubled  :  20  MPa  against  8  MPa.  For 
Tp  ~  973  K,  the  fractured  cross  section  of  coatings 
exhibits  a  columnar  structure  growing  through  the 
whole  coating  (see  fig.  8. a).  The  Vickers  hardness 
with  a  5N  load  is  increased  to  1200  ±  80  MPa  against 
800  ±  70  MPa  with  the  3-pm  thick  pass  (with  Tp  = 
773  K).  Unfortunately  when  spraying  on  In  100 
substrates  preheated  at  973  K,  the  coating  detached 
upon  cooling  probably  due  to  oxidation  problems. 
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a)  b) 

Fig.  8  :  Fractured  cross  section  of  an  YSZ  coating  : 

a)  at  x  =  0.4  mm  from  substrate  and  sprayed  on  an  already  deposited  YSZ  coating  (300  pm  on  In  100) 
preheated  at  973  K  ep  =  25  pm,  b)  sprayed  on  In  100  preheated  at  973  K,  x  =  0.005  mm. 


When  spraying  on  In  100  at  873  K  with  ep  = 
80  pm,  the  first  25-30  pm  exhibit  no  columnar  growth 
except  for  2-3  layered  splats  and  afterwards  a 
columnar  growth  through  the  whole  coating.  When 
measuring  continuously  the  beam  deflection,  a  slope 
change  occurs  after  the  time  corresponding  to  the  first 
25-30  pm  corresponding  successively  to  aq  =  8  and 
22  MPa.  The  Young's  modulus  of  this  last  part  is  100- 
120  GPa  against  50  GPa  for  the  first  25-30  pm. 
During  A/C  tests,  debonding  takes  place  in  the  first 
25  pm  and  the  maximum  A/C  value  reaches  40  MPa 
which  could  be  explained  by  the  tougher  layer  after 
25  pm  [27],  However,  it  must  be  underlined  that  with 
hot  surfaces  the  sticking  of  the  small  (<  1  pm) 
droplets  resulting  from  YSZ  particles  evaporation  and 
recondensation  [31]  has  to  be  carefully  avoided 
between  successive  passes  because  it  reduces  the  A/C 
values  by  a  factor  at  least  of  2.  The  columnar  growth 
through  layered  splats  and  successive  passes  can  be 
explained  on  the  basis  of  the  temperature  diagram 
shown  in  Fig.  2.  Calculations  with  thick  passes  (ep  > 
25  pm)  and  Tp  ~  973  K  show  that  nucleation  of  the 
impacting  splat  is  delayed  almost  to  the  end  of  particle 
flattening  (t„  ~tf)  which  could  promote  the  columnar 
growth  with  the  columns  of  the  underlying  solidified 
splat  as  nucleation  sites. 

3.  REPRODUCIBILITY  OF  THE  PLASMA 
SPRAY  PROCESS 

In  industrial  conditions  the  reproducibility  of 
coatings  is  by  far  the  most  important  problem  and 
many  parameters  have  to  be  controlled  either  before 
spraying  or  on-line  during  spraying,  and  assessed  by 
coating  analysis. 


3.1.  Powders 

3.1.1.  Characteristics 

The  main  parameters  are  the  YSZ  particles 
chemistry  and  distribution  of  stabilizer  within  each 
particle,  shape,  density  and  size  distribution.  The  first 
three  parameters  are  closely  linked  to  powder 
manufacturing  process  [32]  and  the  last  one  to 
sieving.  The  density  of  the  starting  particles  is  one  of 
the  key  parameter,  the  best  results  for  coating 
thermomechanical  properties  being  obtained  with 
dense  particles  such  as  fused  and  crushed  ones  [33]  or 
agglomerated  and  densified  ones  [34].  The  stabilizer 
distribution  within  each  particle  has  also  a  great 
influence  which  is  enhanced  by  the  faster  evaporation 
of  the  Y2O3  stabilizer  compared  to  Zr02.  That  is 
probably  why  particles  made  by  sol-gel  process,  and 
then  plasma  densified,  allow  to  increase  the  thermal 
shock  resistance  of  the  corresponding  coatings  by 
about  100°C  compared  to  fused  and  crushed  particles 
[35].  In  the  sol-gel  technique  Y203  grains,  in  the 
0.1  pm  size  range,  are  uniformly  distributed  within 
each  particle.  Moreover,  it  has  been  shown  that  after 
plasma  treatment,  fused  and  crushed  powders  present 
a  better  homogeneity  than  agglomerated  ones, 
sintered  or  not  [36]. 

Another  important  questions  is  which  particle 
size  range  has  to  be  used  :  rather  narrow  such  as  -  45 
+  22  pm  or  large  -  106  +  10  pm  ?  and  which  lower 
limit  22,  10  or  5  pm  ?  The  answers  depend  on  the 
desired  properties.  As  a  general  rule,  YSZ  particles 
which  diameter  is  over  50-60  pm  are  not  fully  molten 
with  d.c.  plasma  torches  because  of  the  heat 
propagation  phenomenon  in  the  particles  [37],  Thus, 
powders  with  a  large  particle  size  range  may  result  in 
coatings  with  higher  porosity  but  lower  mechanical 
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resistance.  For  the  lower  limit  of  the  particle 
distribution  the  injection  problems  are  critical.  Most 
of  small  particles,  especially  those  below  10  pm, 
hardly  penetrate'  within  the  plasma  jet,  travel  in  its 
periphery  and  are  sucked  down  farther  downstream 
resulting  in  defects  in  the  coating  when  they  stick  to 
it,  which  is  especially  the  case  when  the  coating 
surface  is  kept  over  773  K  during  spraying. 

3.1.2.  Powder  injection  in  the  plasma-jet 

Internal  injection  allows  a  better  penetration  of 
the  particles  within  the  plasma  jet  compared  to 
external  injection  [37].  However  with  small  particles, 
requesting  a  higher  carrier  gas  flow  rate,  the  plasma 
flow  perturbation  is  more  important  with  internal 
injection  [38],  The  position  of  the  injection  port  and 
its  distance  z  from  the  torch  axis  is  very  critical.  A 
variation  of  z  of  a  few  tenths  of  mm  modifies  deeply 
the  particles  mean  trajectory.  Thus,  any  change  in  the 
injector  port  location  and  its  wear  have  to  be  checked 
very  carefully  and  regularly.  It  is  also  the  case  of  the 
internal  wear  of  the  injector,  a  rough  internal  surface 
modifying  deeply  the  powder  distribution  at  the 
injector  exit  compared  to  that  obtained  with  a  new 
injector  with  a  smooth  internal  surface.  More 
precisely  (see  section  3.2.2)  the  trajectory  distribution 
of  particles  within  the  plasma  jet  has  to  be  followed 
continuously  because  it  controls  acceleration  and 
heating  of  the  particles. 

3.2.  Plasma  spray  process 

3.2.1.  Wear  of  the  electrodes 

The  arc  behavior  at  the  anode  and  cathode  is 
quite  different.  Thoriated  tungsten  cathode  tip  wear  is 
rather  fast  (~  1  h).  It  is  due  to  the  fast  diffusion  of 
thoria  which  increases  drastically  the  cathode  tip 
temperature  (by  about  1000  K)  and  induces  a  neck 
erosion  below  the  tip  which  is  blown  up  after  a  while 
[39,40],  The  transition  of  a  sharp  cathode  tip  to  a 
rounded  one,  which  extremity  becomes  slowly  and 
progressively  wider,  induces,  within  the  first  working 
hour,  a  reduction  of  the  flow  velocity  of  about  20% 
and  a  reduction  of  the  arc  voltage  of  4  to  6%  [41].  The 
widening  of  the  cathode  tip  reduces  progressively  the 
voltage  by  5-8%  after  20  h,  and  the  jet  velocity  by 
about  10%. 

The  arc  root  fluctuations  (restrike  mode)  [41,42] 
which  condition  the  arc  root  life  time  and  thus  the 
anode  erosion,  evolve  with  operation  time  and 
number  of  torch  ignitions.  This  erosion  is  distributed 
in  an  area  which  length  is  about  1.5  x  d  (d  being  the 
internal  diameter  of  the  anode).  The  depth  of  the 
eroded  area  as  well  as  the  life  time  of  the  arc  root 
increase  with  the  operation  time.  Anode  erosion 


results  in  an  increase  of  the  jet  instability  and  a 
decrease  in  jet  length  coupled  with  a  decrease  in 
coating  quality.  When  a  tungsten  insert  is  used  this 
erosion  problem  may  become  even  more  critical  when 
tungsten  particles  are  ejected  and  imbedded  within 
coatings.  Therefore,  it  is  important  to  monitor  the 
anode  erosion  by  the  statistical  analysis  of  the  voltage 
signal  [43]  or  its  power  spectrum  [44],  and  determine 
when  this  wear  will  induce  poor  quality  coating,  long 
before  its  failure. 

This  type  of  monitoring  makes  it  possible  to 
check  rapidly  a  defective  gun  assembly  resulting  for 
example  in  a  poor  electrode  centering  ;  a  non 
symmetrical  arc  attachment  influencing  deeply  the 
restrike  mode  frequency  and  the  voltage  signal 
evolution. 

3.2.2.  Real  time  control 

The  outputs  that  have  to  be  set  and  maintained 
are  the  particles  mean  temperature,  velocity,  trajectory 
and  the  substrate  and  then  coating  surface  temperature 
before  (preheating),  during  and  after  (cooling  down) 
spraying.  Among  these  parameters  the  most 
important,  at  least  to  our  opinion,  are  the  two  last 
ones. 

Substrate  and  coating  temperature  control 
depends  strongly  on  the  size,  shape  and  thickness  of 
the  parts  to  be  coated,  the  relative  movements 
between  the  torch  and  the  substrate  and  powder  feed 
rate,  linked  to  the  pass  thickness,  and  cooling  means. 
If  the  surface  temperature  can  be  followed  by  IR 
pyrometry,  the  close-loop  controller  has  to  be 
designed  according  to  substrate  and  coating  heating 
and  cooling,  if  possible  by  using  simplified  1-D  or 
2-D  computer  codes  easily  adaptable  to  different 
geometries  and  pass  thicknesses. 

The  mean  trajectory  of  the  particles  within  the 
plasma  jet  is  very  sensitive  to  the  powder  injection 
conditions  which  have  to  be  adapted  to  the  spraying 
conditions  [37].  With  a  1-D  photodiode  array,  it  is 
possible  to  follow  continuously  the  hot  particles 
distribution  and,  when  coupling  it  to  a  laser  sheet,  to 
have  simultaneously  the  trajectory  distribution  of  the 
cold  particles.  The  hot  particles  distribution  is  very 
sensitive  to  any  variation  of  the  injection  parameters 
[46].  For  example  with  Zr02  particles  (-  45  +  22  pm) 
a  variation  of  the  powder  feed  rate  of  50  g  can  be  seen 
and  the  signal  intensity  is  multiplied  by  1.9  when  the 
powder  flow  rate  is  doubled  (from  1  kg/h  to  2  kg/h). 
Only  1.9  and  not  2  due  to  the  starting  of  the  load 
effect.  Any  change  of  the  optimum  carrier  gas  flow 
rate  m°cg  modifying  the  trajectory  is  immediately 
detected.  For  example  a  change  of  10%  relatively  to 
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its  optimum  value  induces  a  10%  change  of  the  signal 
amplitude  and  position. 

Of  course,  it  is  also  possible  to  control  on  line 
the  surface  temperature  of  the  particles  prior  to  their 
impact  [47]  or  together  the  temperatures,  velocities 
and  trajectories  of  the  particles  [48].  These  robust 
easy-to-use  optical  sensors,  now  commercialized, 
allow  us,  after  positioning  the  torch  in  front  of  the 
sensor  head  for  1  minute,  to  check  in  industrial 
conditions  the  optimization  of  the  spray  parameters 
and  their  time  evolution.  For  this  last  point  after  a 
certain  spraying  time  the  torch  has  to  be  positioned 
again  in  front  of  the  sensor  head.  Such  devices  make 
them  possible  to  determine  when  the  load  effect 
becomes  important,  measure  the  time  necessary 
before  reaching  the  stability  of  particle  spraying 
conditions,  increase  the  reproducibility  of  the 
spraying  process. 

Conclusion 

Plasma  sprayed  TBCs  thermomechanical  proper¬ 
ties  depend  strongly  upon  the  contacts  between  splats 
and  substrate  and  layered  splats. 

A  better  understanding  of  yttria  partially 
stabilized  (YSZ)  splat  formation  made  it  possible  to 
find  a  critical  substrate  preheating  temperature  Tc,  in 
the  400-500  K  range  over  which  these  contacts  are 
strongly  improved  whatever  may  be  the  metallic 
substrate  or  the  YSZ  previously  deposited  layers.  It 
seems  that  preheating  over  Tc  increases  the  splat- 
substrate  interface  temperature  allowing  delay  the 
time  tn  at  which  nucleation  starts  to  a  value  higher 
than  the  time  to  achieve  an  almost  completed 
flattening.  The  adhesion/cohesion  (A/C)  of  coatings 
increases  with  preheating  temperature  Tph  provided 
the  substrate  oxidation  is  limited.  With  304  L  stainless 
steel  or  In  100  substrates  which  oxidation  resistance  is 
good.  A/C  values  can  reach  70  MPa  with  Tph  =  773  K 
and  a  preheating  time  with  the  plasma  torch  below 
120  s. 

To  compete  with  EB-PVD  coatings,  conditions 
have  been  searched  to  have  a  columnar  structure 
through  the  whole  coating  (up  to  1  mm  thick).  This 
structure  is  obtained  when  substrate  or  coating  tempe¬ 
rature  reaches  about  973  K.  According  to  oxidation 
problems,  when  spraying  in  air,  the  substrate 
temperature  has  to  be  kept  below  this  temperature  and 
thus  the  first  20  pm  of  the  coating  do  not  exhibit  this 
columnar  structure  but  works  are  in  progress  to  solve 
this  problem.  When  spraying  under  such  conditions 
the  quenching  stress  increases  drastically  (from  8  to 
25  MPa)  with  a  corresponding  increase  of  the  coating 
Young's  modulus  (from  50  to  150  GPa).  Therefore,  to 


control  the  induced  residual  stresses,  temperature  of 
substrate  and  coating  have  to  be  monitored 
continuously  by  adjusting  the  pass  thickness  and  the 
cooling  devices  to  the  coated  part  dimensions  with  the 
help  of  simplified  1-D  or  2-D  computer  codes. 

At  last,  to  improve  coatings  reproducibility, 
strongly  linked  to  the  molten  state  and  velocity  of 
impacting  particles,  a  rather  simple  set-up  has  been 
developed  giving  in  real  time  the  trajectory 
distribution  of  hot  particles  within  the  plasma  jet  and 
allowing  to  check  any  change  in  powder  flow  rate, 
carrier  gas  injection  flow  rate,  injector  wear... 
Compared  to  commercial  set-ups  following  particle 
velocity,  surface  temperature  and  flux  density  it  is  by 
far  much  simpler  and  seems  to  be  as  efficient.  The 
erosion  of  the  torch  nozzle  has  also  to  be  followed  by 
analyzing  the  voltage  fluctuations  which  vary 
drastically  when  conditions  are  reached  where  coating 
quality  is  affected  and  allows  also  the  detection  of 
defective  gun  assembly. 

Nomenclature 

A/C  adhesion/cohesion  (MPa) 

APS  Atmospheric  Plasma  Spraying 
CR  cooling  rate  (K/ps) 

D  splat  mean  diameter  (pm) 

d  particle  diameter  (pm) 

ep  pass  thickness  (pm) 

es  splat  thickness  (pm) 

Re  Reynold's  number  (dimensionless) 

Rth  thermal  contact  resistance  (m2.K/W) 

SF  splat  shape  factor  (dimensionless) 

Tfc  temperature  of  the  lower  surface  of  the  splat 

(K) 

Tq  equilibrium  temperature  reached  by  coating 
upon  spraying  (K) 

Tj  interfacial  contact  between  splat  and  substrate 
(K) 

Tm  particle  melting  temperature  (K) 

Tp  particle  impact  temperature  (K) 

Tph  substrate  preheating  temperature  (K) 
tf  flattening  time  (ps) 

tft  time  at  which  flattening  is  almost  completed 
(FS) 

t,  time  between  two  successive  impacts  (ps) 
tn  time  at  which  nucleation  starts  (ps) 
ts  time  at  which  solidification  is  completed  (ps) 
tt  time  between  two  successive  passes  (ps) 
vp  particle  velocity  at  impact  (m/s) 

We  Weber's  number  (dimensionless) 

pp  molten  particle  viscosity  (kg/m.s) 

pp  particle  specific  mass  (kg/m3) 

CTp  molten  particle  surface  tension  (N/m) 

E,  flattening  degree  (E,  =  D/d) 
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1.  SUMMARY 

Plasma-sprayed  TBCs  are  built  by  the  successive  addition 
of  molten  or  partially-molten  particles  spreading  upon 
impact  on  the  substrate  surface.  Consequently,  the 
temperature  and  velocity  of  the  sprayed  particles  are  among 
the  most  important  parameters  influencing  the 
microstructure  and  properties  of  the  deposited  coatings.  On¬ 
line  measurement  of  these  parameters,  as  well  as  the  particle 
trajectories,  is  thus  an  efficient  way  to  monitor  the  state  of 
the  spray  process.  This  approach  should  permits  to 
minimize  the  influence  of  uncontrolled  parameters  such  as 
the  electrode  wear  or  changes  in  particle  injection 
conditions. 

A  rugged  and  easy-to-use  optical  sensor  system  has  been 
developed  to  perform  on-line  particle  diagnosis  during 
spraying  in  a  production  environment.  In  this  system,  the 
thermal  radiation  emitted  by  the  in-flight  particles  is 
collected  by  a  compact  sensing  head  and  transmitted 
through  an  optical  fiber  bundle  to  a  detection  cabinet 
located  away  from  the  dusty  environment  around  the  plasma 
torch. 

In  this  paper,  a  review  of  some  applications  of  this  diagnosis 
system  used  to  determine  the  influence  of  the  spray 
parameters  on  the  particle  temperature,  velocity  and 
trajectory  and  to  control  the  spray  process  during  deposition 
of  TBCs  are  presented.  The  system  was  used  in  production 
at  Pratt  &  Whitney  Canada  (PWC)  for  two  months  giving 
information  about  the  stability  and  reproducibility  of  the 
plasma  spray  process. 

2.  INTRODUCTION 

Plasma  spraying  is  a  powerful  technique  that  has  been 
extensively  used  for  the  last  twenty  years  to  produce 
protective  coatings  on  a  large  variety  of  substrates.  During 
this  period,  the  technique  progressed  mostly  in  an  empirical 
manner,  attention  being  focused  on  the  effect  of  input  spray 
parameters  on  the  resulting  coating  properties  [1,2]. 
Consequently,  the  spraying  process  control  was 
implemented  by  monitoring  and  regulating  the  spray 
parameters  to  keep  them  at  a  predetermined  optimum  value. 
Arc  current  and  power,  arc  gas  flow  rates,  powder  feed  rate, 
powder  carrier  gas  flow  rate,  net  plasma  energy  are  the 
main  parameters  usually  monitored  and  ■  automatically 
controlled  during  plasma  spraying.  This  control  approach 
has  important  drawbacks.  Indeed,  it  is  complex  because  a 
large  number  of  input  parameters  must  be  monitored  and 
controlled.  It  is  also  incomplete  because  some  variables, 
such  as  the  electrode  wear  state,  cannot  be  monitored  at  all. 
Moreover,  due  to  the  huge  temperature  and  velocity 
gradients  in  the  plasma  plume,  a  very  small  change  in  the 


plasma  shape  or  in  the  injection  geometry  may  have  a 
significant  effect  on  the  particle  trajectories  and  thus  on 
their  thermal  histories  and  velocities.  Significant  variations 
in  the  coating  properties  may  result  from  these  uncontrolled 
perturbations. 

Plasma-sprayed  coatings  are  built  by  the  successive  addition 
of  molten  or  partially-molten  particles  spreading  upon 
impact  on  the  substrate  surface.  Thus,  the  temperature  and 
velocity  of  the  sprayed  particles  immediately  prior  to  their 
impact  are  among  the  most  important  parameters 
influencing  the  microstructure  and  properties  of  the 
deposited  coatings  [3].  On-line  measurement  of  these 
parameters,  as  well  as  the  particle  trajectories,  is  thus  an 
efficient  diagnostic  tool  for  characterizing  the  spray  process. 
Since  this  approach  permits  to  minimize  the  influence  of 
uncontrollable  parameters,  one  should  expect  a  closer 
control  of  the  spraying  process  leading  to  a  better 
reproducibility  of  the  coating  properties. 

Different  techniques  have  been  already  developed  to  carry 
out  both  temperature  and  velocity  measurements  of  plasma- 
sprayed  particles  [4-10].  However,  the  required  equipment 
is  difficult  to  transfer  to  an  industrial  environment  due  to  its 
complexity  and  the  use  of  large  optical  components  and 
fragile  laser  devices.  Other  approaches  have  been  also  used 
to  provide  information  on  the  plasma  spray  process  by 
monitoring  only  the  particle  velocity  [11,12]  or  the  thermal 
radiation  from  the  hot  particles  [13-16], 

Over  the  last  20  years,  the  aerospace  industry  has  acquired  a 
large  experience  in  controlling  plasma  spraying  process. 
Furthermore,  the  quality  standards  have  led  to  the 
development  of  numerous  recipes  to  control  the  process. 
These  controls  have  shown  their  efficiency  as  the  different 
coatings  succeed  in  passing  the  corresponding  standard  tests 
required  by  the  industry.  Using  particle  monitoring  systems 
in  the  aerospace  industry  can  however  be  useful  to  evaluate 
the  process  stability  and  then  the  efficiency  of  the  existing 
process  control.  Moreover,  more  efficient  control 
approaches  such  as  the  one  based  on  the  measurement  of  the 
temperature  and  velocity  of  in-flight  particles  may  be  the 
only  way  to  achieve  higher  quality  coatings  required  in 
future  applications. 

This  paper  first  describes  the  particle  monitoring  system 
developed  at  NRC.  This  system  is  dedicated  to  monitoring 
of  in-flight  particles  in  the  laboratory  and  in  production.  In  a 
second  time,  a  review  of  a  few  applications  of  the 
monitoring  system  is  presented.  A  focus  is  made  on  the 
influence  of  the  temperature  and  velocity  of  yttria-stabilized 
zirconia  (YSZ)  particles  on  the  coating  structure  and  on  the 
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effect  of  the  wear  of  the  electrodes  during  deposition  of 
TBCs.  The  presented  results  include  those  collected  over  a 
period  of  2  months  at  Pratt  &  Whitney  Canada  during  the 
production  of  plasma-deposited  coatings. 

3.  PARTICLE  MONITORING  SYSTEM 

The  monitoring  system,  the  DPV2000,  is  based  on  the 
detection  and  analysis  of  the  thermal  radiation  emitted  by 
the  hot  sprayed  particles  [17,18].  This  system, 
commercialized  by  Tecnar  Automation  Ltee  [19],  consists 
of  a  sensor  head  located  near  the  spray  gun,  a  detection  box 
linked  to  the  sensor  head  by  an  optical  fiber  bundle  and  a 
computer  (PC)  for  analysis  and  statistical  computation  (Fig. 
1).  The  dimensions  of  the  sensor  head  are  9  cm  long  and  3 
cm  diameter.  When  a  hot  particle  passes  in  the  measurement 
volume  defined  by  optics,  its  image  is  formed  on  a  two-slit 
optical  mask  fixed  on  the  end  of  an  optical  fiber  inside  the 
sensor  head.  This  event  gives  rise  to  a  two-peak  signal  at  the 
output  of  the  photodetectors  receiving  the  radiation  through 
the  optical  fiber.  Fig.  2  shows  a  schema  of  the  sensor  head 
and  the  corresponding  fields  of  view  of  the  detection  optics. 
The  distance  between  the  slits  as  well  as  the  magnification 
of  the  detection  optics  being  known,  the  particle  velocity 
can  be  computed  from  the  time  of  flight  of  the  particle 
image  between  the  two  slits.  The  particle  temperature  is 
obtained  from  two-color  pyrometry  by  analyzing  the  signals 
from  the  two  photodetectors  receiving  the  radiation  in  two 
separate  spectral  ranges.  Finally  the  particle  diameter  is 
computed  from  the  absolute  radiation  intensity  at  one 
wavelength  and  the  temperature  of  the  particle. 

Simultaneously  to  the  measurements  on  the  individual 
particles,  the  monitoring  system  measures  also  parameters 
of  the  particle  jet  considered  as  a  whole.  This  information  is 
useful  to  detect  .problems  with  the  injection  of  the  particles 
in  the  plasma  jet.  For  that  purpose,  the  radiation  of  the 
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Figure  1  Schema  of  the  optical  system.  The  thermal 
radiation  from  the  particles  is  received  by  the  sensor 
head  and  the  corresponding  signals  analyzed  by  the 
personal  computer. 


Sensor  head 


Figure  2  Schema  of  the  sensor  head  and  fields  of 
view  of  the  linear  array  and  two-slit  mask  on  the 
center  fiber. 

particle  jet  is  collected  and  imaged  on  a  row  of  optical 
fibers  located  in  the  sensor  head  near  the  fiber  used  for  the 
measurement  of  the  individual  particle  parameters.  The 
height  of  the  field  of  view  seen  by  the  optical  fiber  row  is  4 
cm.  The  optical  fibers  are  coupled  to  a  CCD  linear  camera 
located  in  the  detection  box.  The  parameters  of  the  particle 
jet  are  computed  from  the  analysis  of  the  video  signal  of 
this  CCD  camera  which  is  a  representation  of  the  spatial 
distribution  of  radiation  in  the  particle  jet.  Three  different 
parameters  are  obtained  from  this  analysis:  the  position  of 
the  particle  jet  relative  to  the  axis  of  the  sensor  head,  the 
width  of  the  particle  jet  and  its  total  radiative  intensity.  This 
last  parameter  is  very  useful  to  detect  variations  in  the 
powder  feeding  rate  which  are  detected  as  time  variations  of 
the  intensity.  Measurements  of  individual  particle 
parameters  and  particle  jet  parameters  are  made 
simultaneously  and  give  complementary  information  on  the 
spraying  conditions. 

4.  RESULTS  AND  DISCUSSION 

4.1  Monitoring  of  particle  properties  during  coating 
production 

The  objective  of  this  study  was  to  follow,  during  a  relatively 
long  period  of  production,  the  evolution  of  the  particle 
characteristics  as  measured  with  the  DPV2000  monitoring 
system  [20].  For  that  purpose,  the  procedure  to  produce 
coatings  has  been  slightly  modified.  Usually,  at  beginning 
of  spraying,  the  operator  waits  until  the  process  is  stable 
before  moving  the  torch  in  front  of  the  part  to  be  coated.  For 
this  study,  when  the  process  became  stable,  the  torch  stayed 
in  place  near  the  sensor  head  to  allow  the  measurement  of 
particle  parameters  for  one  minute  with  the  monitoring 
system.  In  the  same  way,  once  the  part  was  coated,  the 
process  was  not  stopped  immediately  and  the  torch  came 
back  in  front  of  the  sensor  head  for  another  one-minute 
measurement.  All  the  measurements  were  carried  out  at  63 
mm  from  the  torch  which  is  the  usual  spray  distance. 

An  example  of  results  obtained  in  this  way  is  illustrated  in 
Figs.  3a  and  3b.  These  figures  show  the  evolution  of  the 
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particle  temperature  just  before  and  after  spraying  a  YSZ 
coating  on  a  specific  part.  In  Fig.  3a,  the  spraying  process 
starts  at  50  seconds  and,  before  reaching  the  stability  criteria 
at  150  seconds,  a  large  increase  of  temperature  is  noted. 
After  the  one-minute  stability  period,  around  210  seconds, 
the  torch  moves  in  front  of  the  part  for  coating  deposition 
and  there  are  no  more  particles  measured  by  the  monitoring 
system.  In  the  example  of  Fig.  3,  the  spraying  process  lasts 
about  one  hour,  and  then  the  torch  comes  back  in  front  of 
the  sensor  head  for  one  minute  during  which  the  process  is 
stable.  After  this  minute,  at  around  4300  seconds  on  Fig.  3b, 
the  process  is  stopped  according  to  the  normal  procedure  of 
PWC.  Results  similar  to  those  of  Fig.  3  have  been  obtained 
for  all  the  parts  sprayed  with  YSZ  powders.  These  results 
show  that  the  temperature  of  the  sprayed  particles  is  stable 
when  the  PWC  criteria  of  stability  are  reached. 

From  these  results,  the  average  values  on  the  60  seconds  of 
stability  can  be  computed  for  each  measured  parameter,  i.e. 
the  particle  temperature,  velocity  and  diameter.  The  average 
temperature  of  the  YSZ  powder  sprayed  with  3  guns  used  in 
production  is  shown  in  Fig.  4.  These  results  are  obtained 
during  production  of  coatings  with  three  sets  of  identical 
electrodes  using  the  same  spraying  conditions.  The  abscissa 
of  Fig.  4  is  the  number  of  hours  of  operation  for  each  set. 
Measurements  before  (down  triangles)  and  after  (up 
triangles)  coating  deposition  are  represented  at  the  same 
abscissa  if  they  correspond  to  deposition  on  the  same  part. 


.Figure  3  Example  of  particle  temperature  evolution 
during  coating  production  with  YSZ  particles,  (a)  before 
deposition,  (b)  after  deposition. 
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Figure  4  Time  evolution  of  YSZ  particle  temperature 
for  3  guns  used  in  production  :  (Y)  before  and  after 
(A)  deposition  on  different  parts. 

The  number  of  points  differs  for  each  gun  as  the  guns  were 
used  for  spraying  different  powders  and  only  the 
measurements  on  YSZ  particles  are  shown.  It  is  worth 
noting  that  there  is  a  difference  of  typically  20°C  between 
temperature  measured  before  and  after  deposition  on  each 
part.  Even  if  this  difference  is  small,  it  is  significant, 
indicating  that  the  conditions  of  the  particles  have  slightly 
changed  during  spraying. 

The  guns  1,2,3  have  been  changed  after  46,  58  and  48  hours 
of  spraying,  respectively.  For  gun  3,  the  reason  of  change  is 
not  imposed  by  consideration  of  stability  of  the  process  but 
is  due  to  a  problem  of  waterproofness  in  the  torch.  With  this 
gun,  the  process  was  considered  stable  according  to  the 
PWC  criteria  and  also  according  to  the  measurements  on  the 
particles  (Fig.  4).  The  situation  is  different  for  guns  1  and  2 
as  the  temperature  and  also  velocity  of  the  particles  (not 
shown)  vary  significantly  during  the  use  of  these  guns  in 
production.  It  appears  that  these  variations  are  often  related 
to  variations  of  voltage  between  electrodes  which  is  one  of 
the  parameters  recorded  by  the  operators.  In  fact,  when  the 
voltage  variations  are  too  large,  the  usual  procedure  is  to 
stop  spraying  as  it  is  the  case  for  gun  1  after  46  hours  of 
operation.  Consequently,  the  two  triangles  at  46  hours 
correspond  to  a  beginning  of  spraying  but  no  deposition  was 
made  as  the  voltage  variation  was  too  large.  Even  if  gun  1 
was  used  for  coating  deposition  during  46  hours,  Fig.  4 
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shows  that  the  spraying  conditions  of  the  particles  have 
constantly  and  significantly  changed  after  35  hours  of 
operation.  It  is  worth  noting  that  the  process  was  controlled 
by  keeping  the  input  power  constant.  So,  as  the  electrodes 
become  worn,  the  voltage  tends  to  decrease  and  the 
controller  reacts  by  increasing  the  current  in  the  gun.  In  the 
case  of  gun  1 ,  it  clearly  appears  that  such  a  correction  was 
too  large  leading  to  a  significant  increase  of  the  temperature 
of  the  sprayed  particles.  A  corresponding  increase  in  the 
velocity  of  the  particles  was  also  noted. 

The  gun  2  was  changed  because  it  reached  60  hours  of 
spraying  time.  In  such  a  case,  changing  the  gun  prevents 
eventual  problems  which  can  appear  during  production  of 
coatings.  After  the  58  hours  of  operation  of  gun  2,  no 
significant  change  was  noted  for  the  particle  temperature. 
However,  an  increase  of  the  particle  temperature  has  been 
observed  between  40  and  46  hours  of  gun  operation  but 
after  46  hours  the  conditions  become  again  similar  to  what 
they  were  before  40  hours.  This  variation  of  temperature 
between  40  and  46  hours  is  correlated  with  a  variation  of 
the  voltage  between  the  electrodes  but  this  change  was 
considered  too  small  to  stop  the  process.  It  should  be  noted 
that  during  production  with  guns  1  and  2  particle 
temperatures  have  varied  by  180°C  and  velocities  by  30 
m/s.  This  means  that,  in  spite  of  the  process  control  used  to 
produce  coatings,  the  particle  spraying  conditions  can  vary 
significantly. 

The  values  for  the  average  particle  parameters  for  each  gun 
are  given  in  Table  1.  The  values  for  each  parameter  are 
average  values  obtained  during  the  first  hours  of  use  of  each 
gun,  that  means  during  the  period  of  time  they  give 
relatively  stable  conditions  for  the  particles.  From  Table  1, 
it  appears  that  the  different  particle  parameters  are  very 
similar  for  guns  1  and  3  except  the  difference  of  50°C  in 
temperature.  The  differences  with  gun  2  are  larger  as  the 
temperature  difference  reaches  82°C.  From  Table  1,  it  is 
clear  that  in  spite  of  the  control  established  on  the  process, 
there  are  still  significant  differences  in  the  particle 
characteristics.  These  differences  can  be  explained  by  a 
variation  in  the  way  the  particles  are  injected  in  the  plasma 
jet.  This  is  especially  important  if  the  plasma  characteristics 
change  as  we  can  expect  if  the  plasma  gun  is  changed. 
Consequently,  a  control  of  the  particle  state  appears  more 
sensitive  to  variations  in  the  process  conditions  than  the 
current  approach  based  on  the  control  of  plasma  power. 

It  was  observed  that,  in  the  case  of  YSZ  particles,  the 
spraying  conditions  are  relatively  stable  during  the  stability 
periods  (Fig.  3)  even  if  the  temperature  can  slightly  vary 
during  deposition.  This  is  not  true  in  the  case  of  finer 


Table  1  Particle  parameters  measured  during  the  first 
hours  of  operation  for  3  guns  used  in  production. 
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metallic  (NiCoCrW)  powders,  27  pm  average  diameter. 
Figure  5  shows  the  evolution  of  the  particle  jet  intensity 
before  and  after  deposition.  In  this  case,  the  process  didn't 
reach  a  stable  operation  point  even  after  3  minutes  of 
spraying  when  the  torch  normally  moves  to  spray  the  part  to 
be  coated.  Such  a  long  time  to  obtain  stable  spray 
conditions  is  likely  related  to  the  feeding  conditions  of  the 
fine  powder  into  the  plasma. 


Time  (sec) 

Figure  5  Time  evolution  of  the  particle  jet  intensity 
collected  by  the  CCD  camera. 


4.2  Effect  of  the  wear  of  the  electrodes 

In  order  to  better  understand  the  effect  of  the  wear  of  the 
electrodes  during  spraying,  a  series  of  measurements  of  the 
particle  characteristics  was  carried  out  in  the  laboratory 
[21].  A  torch  was  mounted  with  a  new  set  of  electrodes 
and  the  state  of  the  particles  was  monitored  as  a  function  of 
the  spraying  time.  At  regular  intervals,  YSZ  coatings  about 
500  pm  thick  were  sprayed. 

4.2.1  Two-Dimensional  Profiles 

Four  2-D  profiles  were  measured  after  1,  8,  22  and  37 
hours  of  spraying.  Mean  temperature,  velocity  and 
diameter  of  the  sprayed  particles  were  monitored  during  the 
scans.  These  profiles  were  collected  by  moving  the  sensor 
head  with  a  X-Y  unit,  scanning  in  this  way  the 
measurement  volume  of  the  DPV2000  across  the  particle 
jet  at  65  mm  from  the  gun.  The  number  of  detected  events 
which  is  related  to  the  particle  flux  at  the  measurement 
volume  location  was  also  counted  for  a  fixed  period  of  time 
(25  ms).  This  number  can’t  be  taken  as  the  true  particle  flux 
but  is  qualitatively  related  to  it  in  the  sense  that  both  follow 
the  same  trends. 
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Figure  6  represents  the  evolution  of  the  mean  particle 
temperature  with  the  spraying  time.  The  temperature 
distribution  as  well  as  the  velocity  distribution  (not 
illustrated  here)  followed  the  same  behavior  during  the 
experiment  starting  with  their  highest  values  at  the 
beginning  of  the  experiment  (one  hour  of  spraying)  and 
decreasing  continually  until  the  end  of  the  experiment  (37 
hours  of  spraying).  A  variation  of  more  than  200  °C  is 
observed  between  the  temperature  distributions  measured 
at  the  beginning  and  at  the  end  of  the  forty-hour 
experiment.  During  this  time,  the  velocity  distribution  has 
varied  by  more  than  30  m/s.  It  is  worth  noting  that,  in  this 
series  of  measurements,  the  plasma  current  was  kept 
constant  at  800  A.  The  results  show  that  even  though  the 
input  spray  parameters  stayed  the  same,  the  particle  state 
has  significantly  changed.  Such  temperature  variations  may 
lead  to  important  coating  microstructure  and  thermal 
property  changes  [22], 

Figure  7  shows  the  evolution  of  the  distribution  of  the 
number  of  detected  events  which  is  related  to  the  particle 
flux.  At  the  beginning  of  the  experiment  the  distribution 
was  not  symmetric,  being  nearly  50%  wider  in  the 
horizontal  direction.  However,  the  distribution  tended  to 
get  more  symmetric  with  increasing  spraying  time.  It  is 
also  observed  in  Fig.  7  that  the  maximum  number  of  events 
decreased  with  increasing  spraying  time  suggesting  that  the 
more  the  plasma  gun  was  used  the  more  the  hot  particles 
were  lost  from  the  spray  jet.  This  has  also  been  observed 
recently  with  alumina  [23]. 

4.2.2  Coatings  and  Deposition  Efficiency 
Coatings  were  sprayed  after  3,  10,  22  and  37  hours  of 
spraying  in  order  to  evaluate  the  effects  of  the  sprayed 
particle  state  on  the  microstructure  of  the  deposited 
material  through  the  long-term  experiment.  Image  analysis 
showed  that  the  total  porosity  was  the  same  for  all 
coatings,  at  about  16%. 

After  three  hours  of  spraying,  the  deposition  efficiency 
was  55%  while  at  the  end  of  the  experiment  (37  hours  of 
spraying)  it  fell  to  41%  reflecting  important  changes  in  the 
state  of  the  sprayed  particles.  Figure  8  shows  the 
microstructure  of  the  coatings  deposited  after  3,  10  and  37 
hours  of  spraying.  As  seen  in  the  figure,  a  clear  evolution 
of  the  coating  microstructure  took  place  with  increasing 
spraying  time.  At  the  beginning,  after  3  hours  of  spraying, 
the  deposited  coating  contained  a  relatively  large  amount 
of  cracking.  The  cracking  pattern,  though  still  present,  is 
not  so  apparent  in  the  coating  sprayed  after  10  hours.  The 
mean  particle  temperature  was  nearly  the  same  for  these 
two  coatings  whereas  the  particle  velocity  differed  by 
nearly  30  m/s.  Coatings  sprayed  after  22  (not  shown  in 
Figure  8)  and  37  hours  were  very  similar  in  their 
microstructure.  However,  in  these  coatings  cracking 
patterns  like  those  observed  after  3  and  10  hours  of 
spraying  did  not  form.  These  microstructure  differences 
can  be  attributed  to  the  different  particle  state  before  their 
impact  on  the  substrate.  Indeed,  in  a  previous 
communication  [22]  it  has  been  demonstrated  with  a 
similar  ceramic  powder  that  a  mean  particle  temperature 
variation  of  200°C,  such  as  the  one  measured  in  the  present 
experiment  between  3  and  37  hours  of  spraying,  can  result 
in  a  more  than  10%  thermal  diffusivity  variation  as  well  as 
significant  microstructure  changes.  It  should  be  reminded 
that  between  3  and  37  hours  of  spraying  the  gun  power 


Figure  6  Temperature  distribution  (°C)  of  the 
sprayed  particles  after  different  spraying  times.  The 
gun  axis  corresponds  to  X  =  0  mm  and  Y  =  0  mm. 
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Figure  7  Number  of  detected  events  (thousands) 
after  different  spraying  times.  The  gun  axis 
corresponds  to  X  =  0  mm  and  Y  =  0  mm. 


after  3  hours  of  spraying 


after  10  hours  of  spraying 


after  37  hours  of  spraying 


Figure  8  Pictures  of  coatings  deposited  after  3,  10 
and  37  hours  of  spraying.  The  coatings  are  about 
580,  480  and  520  pm  thick,  respectively.  The 
number  of  vertical  cracks  decreases  with  the 
spraying  time  as  electrode  wear  becomes 
significant. 
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varied  by  only  1  kW.  It  would  have  been  difficult,  if  not 
impossible,  to  predict  any  microstructure  changes  from  this 
power  variation.  Present  results  show  that  coatings 
prepared  after  different  spraying  times  with  the  same  input 
spray  parameters  can  result  in  materials  having  significant 
differences  in  their  microstructures  and  properties. 

4.2.3  Attempts  to  Recover  Initial  Particle  State 
After  the  forty-hour  experiment,  the  electrodes  were 
disassembled  from  the  plasma  gun.  They  were  mounted 
again  several  months  later  when  attempts  were  made  to  try 
to  recover  the  initial  particle  parameters.  In  a  first  attempt, 
the  gun  current  was  set  to  900  A.  However,  no  significant 
changes  in  the  mean  particle  temperature  and  velocity 
were  observed  neither  when  gun  current  was  increased 
from  800  A  to  900  A  and  to  1 000  A,  nor  when  the  powder 
carrier  gas  flow  rate  was  changed.  Nevertheless,  when 
hydrogen  proportion  was  changed  to  5%  (as  compared  to 
3.9%  vol.  during  the  forty-hour  experiment)  the  mean 
particle  temperature  increased  by  about  150°C  (from 
3000°C  to  3150°C)  whereas  the  mean  particle  velocity 
increased  by  more  than  15%  (from  148  m/s  to  175  m/s). 
Moreover  when  the  total  gas  flow  rate  was  increased  from 
52.0  1/min  to  60.6  1/min,  keeping  the  hydrogen  proportion 
to  5%  vol.,  the  mean  particle  temperature  increased  from 
3150°C  to  3200°C  while  the  mean  particle  velocity 
increased  from  175  m/s  to  190  m/s.).  These  velocity  and 
temperature  are  similar  to  those  measured  after  two  hours 
of  spraying.  The  measured  gun  power  was  35  kW,  which  is 
about  5  kW  higher  than  its  value  after  two  hours  of 
spraying. 

Using  these  spraying  conditions,  2-D  profiles  of  the 
particle  jet  were  measured.  They  are  rather  similar  to  those 
measured  after  eight  hours  of  spraying  (see  Figs.  6  and  7). 
The  numbers  of  detected  events  are  similar  to  those 
observed  after  8  hours  of  spraying  (Fig.  7).  A  coating  as 
well  as  a  deposition  efficiency  test  were  performed  using 
the  new  input  parameters.  The  deposition  efficiency  was 
measured  to  be  53%  which  is  essentially  the  same  as  what 
had  been  measured  after  three  hours  of  spraying  (55%)  and 
much  higher  than  the  41%  value  measured  after  37  hours 
of  spraying.  The  microstructure  of  the  coating  prepared 


Figure  9  Picture  of  a  coating  deposited  with  higher 
hydrogen  proportion  and  gas  flow  rate.  The  coating  is 
about  450  pm  thick. 


with  higher  hydrogen  proportion  and  gas  flow  rate  is 
shown  in  Fig.  9.  It  can  be  seen  from  this  figure  that  the 
cracking  pattern  is  rather  similar  to  that  of  the  coating 
sprayed  after  3  hours,  as  seen  in  Fig.  8. 

So  after  a  long  spraying  time  (about  40  hours)  by  changing 
some  input  parameters  it  was  possible  to  recover  the 
sprayed  particle  parameters  obtained  after  three  hours  of 
spraying  and  to  recover  the  same  type  of  coating  structure 
observed  before  significant  electrode  wear  took  place. 

4.3  Controlling  the  particle  state  and  coating  structure 

In  order  to  implement  a  feedback  loop  to  control  the  state  of 
the  in-flight  particles,  it  is  necessary  to  know  how  the  input 
spray  conditions  influence  the  state  of  the  particles.  It  is  also 
necessary  to  know  how  the  temperature  and  velocity  of  the 
impinging  particles  affect  the  coating  structure.  For  TBCs 
coatings,  one  key  characteristic  is  the  crack  network  within 
the  coating.  Indeed,  it  seems  advantageous  to  maximize  the 
number  of  cracks  perpendicular  to  the  substrate  while 
minimizing  the  number  of  parallel  cracks  [24], 

An  example  of  how  the  arc  current  and  total  gas  flow  rate 
influence  the  state  of  YSZ  particles  is  shown  in  Fig.  10  [22]. 
The  powder  used  in  this  study  was  a  fused  and  crushed  YSZ 
powder  (-45  +1 1  pm).  After  setting  the  plasma  current  and 
total  gas  flow  rate,  the  powder  carrier  gas  flow  rate  was 
adjusted  to  position  the  spray  jet  axis  at  a  constant  angle  of 
about  3  degrees  below  the  torch  axis.  As  shown  in  the 
process  control  plot  of  Fig.  10,  an  increase  in  plasma  current 
increases  both  the  temperature  and  velocity  of  the  particles 
whereas  an  increase  in  the  gas  flow  rate  increases  their 
velocity  but  decreases  their  temperature.  Subsequently, 
conditions  for  spraying  particles  at  an  exact  temperature  and 
velocity  may  be  obtained  by  carefully  regulating  both  the 
arc  current  and  gas  flow  rates.  In  this  way  it  is  possible  to 
regulate  the  spray  process  in  order  to  spray  coatings  in  a 
reproducible  manner. 

After  having  established  the  data  shown  in  Fig.  10,  it  is 
possible  to  optimize  the  coating  structure  by  varying 
independently  the  temperature  and  velocity  of  the  sprayed 


Figure  10  Process  control  plot  showing  the  effect  of 
the  arc  current  and  arc  gas  flow  rates  on  the  particle 
temperature  and  velocity.  The  arc  gas  is  Ar  with  33% 
He  and  the  powder  is  YSZ  (-44  +1 1  pm). 
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Velocity  (m/s) 

Figure  11  Average  temperature  and  velocity  of  the 
sprayed  particles  for  coatings  sprayed  in  the  study  of 
Prystay  et  at. 

particles  instead  of  varying  the  input  spray  parameters.  For 
example,  in  the  work  of  Prystay  et  a!.  [22],  the  coatings 
were  sprayed  in  the  7  conditions  shown  in  Fig.  11.  The 
velocity  and  temperature  effects  were  decoupled  by 
selecting  operating  parameters  to  generate  data  points  that 
fall  along  a  staircase  pattern.  For  example,  the  influence  of 
particle  velocity  at  about  2995  °C  is  seen  by  comparing 
coatings  1  and  7.  (The  average  temperature  between  the 
particle  temperatures  of  samples  1  and  7  is  used.  Other 
values  shown  on  the  graph  were  determined  in  the  same 
manner.)  The  effect  of  velocity  at  particle  temperatures  of 
2840  °C  is  seen  by  comparing  samples  3  and  4.  The  results 
of  changing  particle  temperature  for  fixed  particle  velocities 
are  obtained  by  comparing  sample  4  with  5  (200  m/s)  and 
sample  3  with  2  (250  m/s). 

In  this  work  the  angular  crack  distribution  was  characterized 
by  image  analysis  using  a  dedicated  algorithm  developed  in 
our  laboratory.  This  algorithm  treats  each  pore  or  crack  as 
an  individual  feature  of  equal  weighting  and  no  results 
regarding  their  width  are  included.  The  orientation  of  each 
feature  is  determined  and  the  total  length  of  the  features  (in 
pixels)  as  a  function  of  their  orientation  is  calculated. 

An  example  of  results  is  given  in  Fig.  12  where  the  crack 
distribution  of  coatings  4  and  5  are  compared.  Both  coatings 
were  sprayed  at  particle  velocity  of  250  m/s  but  with 
different  particle  temperatures.  In  this  case,  the  increase  in 
temperature  has  the  effect  of  sharply  decreasing  the  number 
of  horizontal  cracks  (0  degree)  and  increasing  the  vertical 
cracking  (at  90  degrees).  In  fact,  coating  sprayed  with 
particles  at  250  m/s  and  3014  °C  exhibits  only  a  weak 
preferred  angular  crack  orientation.  In  addition,  although 
this  coating  is  not  the  densest  in  this  study,  it  is  the  coating 
with  the  highest  thermal  diffusivity  [22].  This  suggests  that 
the  significant  reduction  in  horizontal  cracking  decreased 
the  thermal  insulating  properties  of  the  coating. 

5.  CONCLUSION 

Plasma-sprayed  coatings  are  used  in  a  wide  range  of  new 
and  demanding  applications.  As  the  quality  requirements  of 


Figure  12  Angular  crack  distribution  in  coatings  4  and 
5  sprayed  with  particles  at  250  m/s  and  (#)3014°C 
and  (■)  2850  °C,  respectively. 

the  sprayed  coatings  increase,  the  process  control  becomes  a 
key  issue  in  order  to  produce,  day  after  day,  high  quality 
coatings  in  a  reproducible  manner.  Monitoring  the 
temperature,  velocity  and  trajectory  of  in-flight  particles 
before  their  impact  on  the  substrate  appears  as  an  efficient 
way  to  characterize  the  process  and  to  perform  feedback  on 
the  input  spray  parameters.  Moreover,  it  is  also  an  efficient 
tool  to  optimize  the  spraying  conditions  by  varying 
parameters  that  have  the  most  crucial  effects  on  the  coating 
properties. 
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SUMMARY 

Basic  features  for  future  advanced  gas  turbines 
will  be  low  emission  rates  and  increased 
efficiency.  To  fulfil  these  requirements  a  reduction 
of  cooling  air  in  the  combustor  chamber 
demanding  more  efficient  cooling  technology 
and/oran  increasing  inner  wall  temperature  is 
needed.  The  development  of  thicker  thermal 
barrier  coatings  for  combustor  tile  applications  is 
one  concept  followed  to  enable  a  reduction  in 
cooling  air. 

Thermal  barrier  coatings  with  a  thickness  up  to 
2mm  and  improved  thermal  cycling  life  have  been 
developed  as  well  as  mechanical  and 
thermophysical  data  determined. 

Combustor  segment  rig  testing  demonstrated  a 
potential  of  25%  cooling  air  reduction  by  the  use  of 
thick  thermal  barriers  for  the  tile  design 
investigated. 


1.  INTRODUCTION 

A  basic  feature  for  the  development  of  advanced 
gas  turbines  will  be  low  emission  rates  of  Nitrogen 
Oxides  (NOx),  Carbon  monoxides  (CO)  and 
Hydrocarbons  (HC)  to  suit  expected  lower  limits 
for  pollution  in  the  future.  One  way  to  fulfil  these 
requirements  is  a  reduction  of  cooling  air  in  the 
combustor  chamber  demanding  more  efficient 
cooling  technology  and/or  increasing  inner  wall 
temperatures. 

Beside  the  development  of  more  efficient  cooling 
technologies  there  are  several  materials 
technology  concepts  that  are  followed  at  BMW 
Rolls-Royce  to  reduce  cooling  air  requirements  in 
the  combustor: 

i)  a  development  of  improved  superalloys  for 
combustor  application  with  higher  temperature 
capability, 

ii)  investigation  of  the  potential  of  ceramic  matrix 
composite  materials  for  combustor  tiles  and 

iii)  development  of  thicker  thermal  barrier  coatings 
(TBCs)  for  combustor  tile  applications. 

This  paper  will  focus  on  the  latter. 


Paper  presented  at  an  AGARD  SMP  Meeting  on  “Thermal  Barrier  Coatings", 
held  in  Aalborg,  Denmark,  15-16  October  1997,  and  published  in  R-823. 
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Typical  current  applications  of  TBCs  are  thin 
coatings  on  guide  vanes,  blades  and  combustors 
of  gas  turbines  often  introduced  during  overhaul  in 
order  to  extend  lifetime  of  parts.  Current 
technology  is  the  use  of  plasma  sprayed  bond 
coat  (BC)  such  as  CoNiCrAlY  mainly  for  adhesion 
and  oxidation  protection  and  partially  stabilised 
ZrC>2  (about  8wt%Y203)  with  a  thickness  below 
0.5mm.  The  benefit  is  a  component  temperature 
reduction  up  to  150°C  resulting  in  reduced  cooling 
airflow  requirements  and/or  component  durability 
improvement  (1,  2,  3).  Thickness  and  lifetime  of 
the  barriers  are  limited  by  mechanical  and  thermal 
stresses  in  the  coatings  due  to  the  mismatch  of 
thermal  expansion  coefficients  of  the  ceramic  and 
the  metals  and/or  oxidation  of  the  bond  coat. 

In  a  current  Brite  Euram  project  (BE7287)1  plasma 
sprayed  thermal  barrier  coatings  up  to  2mm  in 
thickness  have  been  developed  to  meet  the 
requirements  of  improved  thermal  insulation  (4). 
Different  microstructures  of  coatings  has  been 
addressed  from  different  partners.  Volvo  Aero 
Corporation  has  investigated  segmented  TBCs 
(4),  BMW  Rolls-Royce  ‘conventional’  highly  porous 
TBCs  and  ANSALDO  Richerce  has  developed  a 
process  route  to  spray  highly  porous  TBCs  using 
a  mixed  ceramic-polymer  powder  (5). 

This  paper  will  report  on  the  development  of  the 
highly  porous  coatings,  the  investigation  of 
thermophysical  and  mechanical  properties  and 
thermal  cycling  experiments  as  well  as  combustor 
sector  rig  tests  performed  to  determine  the 
potential  for  cooling  air  reduction  of  thicker  TBCs 
applied  on  combustor  tiles.  The  sector  rig  test  has 
been  performed  in  the  course  of  a  national 
research  programme. 

2.  EXPERIMENTAL 

Spraying 

In  general  TBC  development  within  the  above 
mentioned  Brite  Euram  Project  has  had  the 
objective  to  reduce  Youngs  modulus  as  one 
method  to  reduce  thermal  mismatch  stress. 
Mechanisms  chosen  have  been  segmentation 
(vertical  cracking)  or  production  of  highly  porous 
coatings. 

Spraying  of  porous  7%Y203  stabilised  Zr02  TBCs 


'Partners  of  the  Brite  Euram  Project  BE7287  are:  BMW  Rolls- 
Royce  GmbH,  Volvo  Aero  Corporation  ,  ANSALDO  Richerce, 
CTAS  Air  Liquide,  Fraunhofer  Gesellschaft  Institut  fur 
Betriebsfestigkeit,  University  of  Lund,  UMIST,  Kvernes 
Technology,  IceTec,  RWTH  Aachen,  Rolls-Royce  pic. 


has  been  performed  at  the  BMW  Rolls-Royce 
APS  spray  facility  (Sulzer  Metco  A3000S,  9MB 
gun)  using  different  spray  parameters.  During 
spraying  temperature  has  been  measured  by 
means  of  a  pyrometer  at  the  coating  surface  and 
by  means  of  thermocouples  at  the  backside  of  the 
substrate.  Substrates  have  been  2mm  thick  flat 
plates  of  Hastalloy  X. 

Microstructural  investigations  are  performed  at 
BRR  to  determine  typical  coating  features  such  as 
thickness,  porosity  and  crack  density. 

Thermophvsical  and  mechanical  Properties 

Four  point  bend  testing  has  been  performed  at 
UMIST  at  room  temperature  and  elevated 
temperature  to  determine  the  nominal  strength, 
the  failure  strain  and  Young’s  modulus.  Fortesting 
free  standing  TBCs  have  been  used  by  dissolving 
away  the  substrate.  This  has  been  possible  due  to 
the  thickness  of  the  coating. 

For  the  measurement  at  elevated  temperatures,  a 
high  temperature  rig  has  been  designed  in 
accordance  with  European  standards.  All  parts  of 
the  rig  within  the  hot  zone  of  the  furnace  are  made 
out  of  Alsint  99,7  which  can  theoretically  withstand 
a  temperature  of  1700  BC.  The  capacity  of  the 
furnace  enables  temperatures  up  to  1500  SC. 
Figure  1  shows  the  design  of  the  apparatus.  The 
sample  is  supported  by  two  rollers  20  mm  apart. 
In  order  to  minimise  the  torsional  loading,  one  of 
these  rollers  can  also  rotate  about  an  axis  parallel 
to  the  length  of  the  sample.  The  specimen  is 
loaded  by  a  second  set  of  rollers  which  are 
isocentric  to  the  first  ones.  They  are  10  mm  apart 
and  both  of  them  allow  a  rotation  about  their  own 
axis  as  well  as  about  the  axis  of  the  sample. 

The  Young’s  modulus  is  strongly  affected  by  the 
ratio  of  the  sample  length  I  and  its  thickness  h  and 
turns  out  to  be  too  low  in  comparison  with  results 
from  adequate  tensile  tests.  In  order  to  come  to 
an  understanding  of  the  influence  of  the  l/h  ratio  of 
the  samples  on  the  calculation  of  the  Young’s 
modulus,  a  coating  was  measured  by  an 
ultrasonic  pulse  method  at  ‘Fraunhofer  Institut 
Werkstoffphysik  und  Schichttechnologie’  in 
Dresden  resulting  in  a  compensation  factor  for  the 
l/h  ratio  of  the  4  point  bend  test  specimen. 
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Fig.  1 :  design  of  the  four-point  bending  rig,  the 
hot  furnace  area  is  marked  by  the  grey  background 


For  the  measurement  of  the  thermal  diffusivity  a, 
the  laser  flash  method  was  used.  The  samples 
examined  had  a  dimension  of  10  mm  *  10  mm 
with  a  thickness  of  about  2  mm.  In  this 
experiment,  a  heat  flux  through  the  sample  is 
caused  by  an  energy  pulse  from  a  Nd  glass  laser 
which  is  incident  on  the  front  face  of  the 
specimen.  The  heat  flux  causes  a  temperature 
rise  at  the  sample  rear  side,  which  is  monitored  as 
a  function  of  time  using  an  InSb  detector.  From 
this  trace,  the  thermal  diffusivity  can  be  calculated. 
For  the  samples  investigated,  the  measurements 
of  the  thermal  diffusivity  were  performed  under 
vacuum.  The  experiments  were  done  in  a 
temperature  range  from  80  2C  to  1200  SC(6). 

Thermal  expansion  measurements  were 
performed  in  a  conventional  Al203  pushrod 
dilatometer,  over  a  temperature  range  from  30  2C 
to  1000  9C.  The  heating  rate  was  60°  h'1.  After 
reaching  the  maximum  temperature,  the  sample 
was  cooled  at  -250  SC  h"1.  Since  the  push  rod  and 
the  guiding  tube  it  is  surrounded  by  also  expand, 
this  effect  had  to  be  compensated  mathematically. 
The  temperature  gradient  across  the  pushrod- 
guiding  tube  arrangement  is  taken  into  account  by 
a  compensation  measurement.  The  latter  one  was 
performed  following  the  same  heating  and  cooling 
programme  as  for  the  actual  measurement  (6). 
The  samples  tested  were  about  15  mm  long  and  4 
mm  wide.  Their  thickness  was  about  2  mm,  but 
varied  slightly  due  to  the  sprayed  coating 
thickness  not  being  constant. 

Thermal  Cycling 

Thermal  cycling  experiments  are  one  typical  test 
performed  to  rank  TBCs  for  gas  turbine 
applications.  Tests  should  simulate  heating  up  and 
cooling  down  of  the  specimen  to  create  failure 
such  as  spallation  by  thermal  mismatch  stresses 
resulting  from  cycling. 


Thermal  cycling  tests  have  been  performed  at 
the  University  Karlsruhe  (IKM).  The  cycling  time  is 
about  60  sec  for  heating  up  (Ttbc  =  1250°C,  Tsubslrate 
=  800°C)  and  cooling  down  to  60°C.  Temperature 
measurements  are  performed  using  a  pyrometer 
at  the  TBC  surface  and  thermocouples  on  the 
substrate.  Specimen  geometry  is  a  flat  plate  of 
10x50mm,  substrate  thickness  has  been  2mm. 
Cycles  are  controlled  by  temperatures  of  the 
substrate,  i.e.  heating  is  restarted  at  a  substrate 
temperature  below  60°C.  Maximum  temperature 
at  the  TBC  of  1250°C  is  settled  for  different 
specimens  by  varying  distance  from  torch  to 
specimen.  By  this  the  same  temperature  gradient 
of  TBC  surface  to  substrate  back  side  is 
guaranteed  and  temperatures  at  the  interface 
bond  coat  to  TBC  will  be  comparable.  Additionally 
bending  of  the  specimen  can  be  measured  using 
an  inductive  measurement  device  from  the 
backside  of  the  specimen.  Fig.  2  exhibit  an 
example  of  the  temperature  cycle  obtained  and 
the  bending  of  the  specimen  measured. 


o  T-substrate  [°C]  +  T-surface  [°C]  A  Bending  [rmi 


Time  [sec] 


Fig.  2:  Thermal  cycles  performed  at  IKM 


Combustor  Sector  Ria  Test 

In  the  course  of  a  German  national  research 
programme  combustion  liner  tiles  with  7%Y203 
stabilised  Zr02  were  tested  in  the  BR700  High 
Pressure  90°-sector  rig.  For  the  investigations  on 
liner  cooling  a  rig  combustor  was  made  and 
segments  of  outer  and  inner  liner  were  cut  out. 
The  free  space  allows  mounting  of  liner  panels 
with  various  cooling  designs.  Hence,  it  is  possible 
to  test  new  cooling  concepts  using  relative  cheap 
panel  specimen  in  a  representative  annular 
combustor.  The  objective  of  a  test  run  is  to 
demonstrate  the  thermal  integrity  and  the 
temperature  distribution  of  specimen  close  to 
engine  take  off  conditions  as  well  as  to  evaluate 
the  potential  for  cooling  air  reduction.  After  ignition 
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the  conditions  are  raised  to  take  off  rating  with  an 
inlet  air  pressure  of  20  bar  and  inlet  temperature 
of  885K,  The  facility  limits  the  inlet  pressure  to  20 
bar. 


3.  RESULTS 

Spraying 

Several  parameter  settings  have  been 
investigated  to  spray  highly  porous  coatings. 
Typical  temperature  spectra  measured  during 
spraying  are  shown  in  Fig.  3  a  and  b. 


Porosity  values  obtained  for  the  different  specimen 
are  in  the  range  of  8.5  to  20%  (see  fig.  4).  For  a 
number  of  specimen  segmentation  cracking  has 
been  found  ,  which  has  been  related  to  porosity 
values  in  the  range  of  8.5  - 12.5%. 


ai 


TOP  8  surface  temperature 


P- 


Zelt 


Fig.  3:  Temperature  readings  during  spraying  from 
the  coating  surface  (a)  and  substrate  backside  (b). 


Fig.  4:  micrograph  of  TOP  7, 15%porosity,  x  150 


Thermophvsical  and  mechanical  properties 

Since  the  structure  of  the  coatings  is  expected  to 
vary  through  thickness  two  different  loading  types 
have  been  considered;  where  the  top  is  either  in 
the  state  of  compression  or  of  tension. 

Mechanical  properties  determined  are  listed  in 
table  1.  Numbers  given  there  are  mean  values  out 
of  the  two  loading  types.  Values  from  the 
experiments,  where  the  surface  of  the  TBC  is 
under  compression  were  found  to  be  slightly 
higher  in  most  cases.  Youngs  moduli  found  are 
lower  than  typical  values  reported  on  plasma 
sprayed  TBCs,  which  lies  in  the  range  of  10  -  50 
GPa  (see  for  example  ref.  8,  9,  10) . 


Specimen 

Youngs 

modulus 

[GPa] 

]  failure 

I  strength 

I  [MPa] 

failure 

strain 

[%] 

Top  7 

5.7 

i  15.9 

0.29 

Top  8 

6.9 

j  13.6 

0.22 

Top  11 

3.3 

!  7.4 

0.26 

I.O.P  12 . 

8.8 

130.4 

0.37 

Top  13 

7.8 

!  25.1 

0.35 

Table  1 :  Mechanical  properties  of  thick  TBCs 

No  significant  change  in  these  properties  was 
observed  in  the  experiments  carried  out  up  to 
1000°C. 

The  failure  strength  and  stress  is  found  to  be 
correlated  to  the  Youngs  Modulus  determined 
(Fig.  5). 
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For  all  specimen  measured  the  thermal  diffusivity 
obtained  on  cooling  was  higher  than  that  observed 
during  heating,  showing  that  some  irreversible 
change  had  occurred  during  first  cycle  only.  The 
values  obtained  ranged  from  0.0029  crr^s’1  (Top  7) 
up  to  0.0057  cm2s-'  (Top  8).  There  is  a  general 
trend  for  the  diffusivity  to  decrease  with  increasing 
porosity  (Fig.  6a),  but  the  effect  is  more 
pronounced  when  diffusivity  is  plotted  against 
horizontal  crack  density  (Fig.  6b). 

From  the  diffusivity  a,  the  thermal  conductivity  X 
can  be  calculated  as: 

X  =  a  •  p  •  cp 


Fig.  5:  Failure  stress  versus  Youngs  modulus 

The  expansion  coefficient  of  the  samples  tested 
seems  to  have  a  rather  constant  value  of  10.7*10' 
6  K'1,  which  is  typically  for  plasma  sprayed  7%Y203 
stabilised  Zr02  (8,  11).  Obviously,  the  porosity  has 
rather  little  influence.  Over  the  whole  temperature 
range,  the  thermal  expansion  coefficient  is  almost 
constant  and  differences  during  heating  and 
cooling,  a  typical  indicator  of  phase  changes, 
cannot  be  determined. 


a) 


with  p  and  cp  being  the  density  and  the  specific 
heat  capacity  respectively  (6).  Values  ranged  from 
0.8  W/mK  to  1.5  W/mK  for  the  TBCs  investigated 
here. 


Thermal  cycling 

Thermalshock  test  at  BRR  (performed  at 
University  Karlsruhe,  IKM)  used  a  cycling  time  of 
60  sec  for  heating  up  (Ttbc  =  1250°C,  Tsubstrate  = 
800°C)  and  cooling  down  to  room  temperature 
and  has  been  performed  for  several  specimen  up 
to  2000  cycles  yet  in  comparison  to  a  cycling  life 
below  10  cycles  for  the  first  tests.  Some  specimen 
tested  to  2000  cycles  did  not  fail  at  all.  Fig  7  was 
an  overview  about  number  of  cycles  obtained. 


Fig  7:  mean  number  of  cycles  reached  for  several 
specimen 

The  main  influence  on  thermal  cycling  life  is 
determined  to  be  the  temperature  during  spraying. 
A  correlation  from  porosity  to  thermal  cycling  life 
could  not  be  found  (Fig.  8  an  9).  Specimens 
exhibiting  segmentation  cracks  instead  of  high 
porosity  tend  to  show  higher  life  times  in  the  tests 
performed. 


Fig.  6:  thermal  diffusivity  versus  porosity  (a)  and 
horizontal  crack  density  (b) 
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Fig.  8:  porosity  versus  thermal  cycling  life 
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Fig.  9:  Spray  temperature  versus  thermal  cycling 
life 


FEM  simulations  have  been  performed  using 
thermophysical  and  mechanical  data  described 
above  to  compare  calculated  and  measured 
bending  of  the  specimen  during  cycling.  The 
bending  behaviour  (see  Fig.  2)  could  be  described 
qualitatively,  quantitative  deviations  are  expected 
to  be  related  mainly  to  the  quality  of  temperature 
data  recorded  during  cycling. 


specimen  with  a  thick  TBC  was  exposed  to  slightly 
more  severe  conditions. 

The  coating  surface  of  the  specimen  with  the 
0.4mm  TBC  thickness  shows  only  small  spots  with 
temperatures  above  the  1160°C  limit  of  the 
thermal  paint,  whereas  the  1,35mm  thick  TBC 
specimen  has  approximately  50%  of  the  surface 
hotter  than  1160°C.  It  should  be  noted  however 
that  the  amount  of  cooling  air  has  been  reduced 
for  the  thick  TBC  specimen. 

The  metal  temperature  on  the  cold  side  of  the 
0,4mm  coated  tile  was  around  830°C  with  peaks 
at  approximately  900°C.  The  thick  insulated  tile 
had  approx.  50°C  lower  temperatures  on  the  inner 
side. 

A  cooling  film  on  the  hot  side  is  still  necessary  for 
thick  coated  tiles  to  keep  the  maximum 
temperature  of  the  top  coating  below  1250°C.  With 
the  current  design  temperatures  of  top  -  and  bond 
coating  a  thickness  of  the  ceramic  layer  of  approx. 
1,3  mm  should  provide  the  desired  temperature 
drop  of  350  to  400°C  between  the  hot  surface  and 
the  critical  layer  where  the  ceramic  adheres  to  the 
bond  coating. 

With  a  thick  coated  tile  approximately  25%  of  the 
cooling  air  required  for  a  standard  coated  tile 
could  be  saved. 


4.  CONCLUSIONS 

TBCs  with  a  thickness  up  to  2mm  and  improved 
thermal  cycling  life  have  been  developed  as  well 
as  mechanical  and  thermophysical  data 
determined. 


Combustor  Sector  Rig  Test 

Two  panels  with  different  coating  thicknesses 
(0.40  mm  and  1.35  mm  TBC  thickness)  were 
tested.  The  panel  have  been  cooled  by  an  array  of 
impingement  holes  on  the  carrier.  At  the  end  of 
each  tile  the  cooling  air  is  used  as  a  film  for  the  hot 
side  of  the  following  tile.  The  tiles  has  been 
painted  with  thermal  paint  to  investigate 
temperatures  and  temperature  distributions.  For 
the  tiles  with  thick  TBCs  on  the  amount  of  cooling 
air  used  was  reduced  compared  to  the  thin  TBC 
tiles. 

The  specimens  were  not  tested  under  identical 
conditions.  The  fuel  to  air  ratio  of  the  test  with  thin 
TBCs  was  approx.  5%  lower  than  for  the  test  with 
the  thick  coated  specimen.  This  means  that  the 


Thermal  cycling  life  is  mainly  influenced  by  spray 
temperature.  Porosity  has  not  found  to  be  of  high 
importance,  but  segmentation  seems  to  be 
beneficial  in  the  test  performed. 

Youngs  Moduli  in  the  range  of  3  -  9  GPA  has 
been  determined.  Failure  strengths  range  from  7 
to  30  MPA,  failure  strains  from  0.2  -  0.4%. 

Successful  simulation  of  the  bending  of  the 
specimen  during  cycling  indicates  that  the 
materials  data  obtained  are  of  reasonable  quality. 

Combustor  segment  rig  testing  demonstrated  a 
potential  of  25%  cooling  air  reduction  for  the  tile 
design  investigated. 
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ABSTRACT 

Zirconia-8wt%  yttria  thermal  barrier  coatings  (TBC’s) 
provide  the  potential  to  increase  the  operating 
temperatures  within  the  modem  aeroengine  gas  turbine. 
Of  particular  interest  are  the  columnar,  strain  tolerant 
thermal  barriers  produced  by  electron  beam  physical 
vapour  deposition  which  can  be  applied  to  rotating 
components  and  can  reduce  the  metal  surface 
temperature  by  up  to  150°C.  Measured  thermal 
conductivities  for  this  columnar  microstructure  are 
typically  1 .8-2.0  W/m.K.  Should  it  be  possible  to  reduce 
this  value  to  that  observed  for  plasma  sprayed  ceramics 
(0.9- 1.0  W/m.K)  then  further  benefits  from  the  use  of 
such  a  ceramic  layer  could  ensue  including  either  a 
further  increase  in  operating  temperature  or  a  reduction 
in  cooling  air  requirements. 

This  paper  examines  the  advanced  processing  of  TBC’s 
with  the  aim  of  reducing  thermal  conductivity.  The  role 
of  coating  thickness  is  reviewed,  where  it  is  shown  that 
for  thin  coatings,  circa  100pm  thermal  conductivities  of 
1.0  W/m.K  can  be  achieved.  This  is  thought  to  be  due 
to  increased  scattering  of  thermal  waves  close  to  the 
early  confused  growth  region.  The  possibility  of  further 
reducing  thermal  conductivity  by  using  layered 
structures  is  examined.  These  structures  have  been 
manufactured  by  control  of  rotation,  controlled  dwell 
and  through  the  use  of  plasma  assistance  during  the 
deposition  process.  The  benefits  of  such  layers  in 
scattering  thermal  waves  is  discussed. 

LIST  OF  SYMBOLS 

x  total  coating  thickness 

x,  thickness  of  inner  “nucleate”  zone 

k  thermal  conductivity  for  the  complete  TBC. 

k,  thermal  conductivity  of  the  inner  “nucleate”  zone 

k2  thermal  conductivity  of  the  outer  columnar  structure 

kp  is  the  phonon  thermal  conductivity, 

kr  is  the  contribution  to  thermal  conductivity  due  to 

radiation, 

Cv  is  the  specific  heat  capacity  at  constant  volume, 
p  is  the  density  of  the  material, 

vis  the  mean  velocity  of  phonons  in  the  material 
(speed  of  sound) 


lp  is  the  phonon  mean  free  path. 

ct  is  Stefan  Boltzmann’s  constant  =  5.67  x  10‘8 

W/(m2.K), 

T  is  the  thermodynamic  temperature  (K), 
n  is  the  refractive  index  of  the  material, 
lr  is  the  photon  mean  free  path 

lj  is  the  intrinsic  mean  free  path  of  phonons  due  to  the 
lattice  and  differing  ion  masses, 

lvac  is  the  mean  free  path  of  phonons  due  to  vacancies  in 
the  lattice, 

lgb  is  the  mean  free  path  of  phonons  due  to  grain 
boundaries, 

Wain  is  the  mean  path  of  phonons  due  to  local  strain 
centres  within  the  lattice. 


1. INTRODUCTION 

The  drive  to  improve  engine  performance  and  fuel 
efficiency,  while  reducing  emissions,  has  meant  that  the 
operating  temperatures  of  the  turbine  section  of  aero¬ 
engines  has  increased  significantly  over  the  last  20 
years.  This  has  been  achieved  by  novel  material  design, 
improved  cooling  technologies  and  better  manufacturing 
methods  [1].  The  latest  development  in  this  drive  for 
improved  performance  is  to  apply  thermal  barrier 
coatings  to  turbine  aerofoil  surfaces.  Thermal  barrier 
coatings  offer  the  potential  of  increasing  turbine 
operating  temperatures  by  up  to  150°C,  without  any 
increase  in  metal  operating  temperatures  (Figure  1),  or 
alternatively  permits  a  reduction  in  the  mass  of  cooling 
air  required  while  maintaining  the  turbines  operating 
temperature  giving  improved  specific  fuel  consumption. 

Thermal  barrier  coatings  (TBC’s)  have  been  used  in  the 
gas  turbine  engine  since  the  1970’s  [2-4]  to  lower  mean 
metal  temperatures.  These  coatings,  based  on  partially 
stabilised  zirconias,  are  deposited  using  thermal  spray 
processing  and  have  performed  well  in  service, 
extending  the  lives  of  combustion  chambers  and  annular 
platforms  of  high  pressure  nozzle  guide  vanes  within  the 
turbine  section  of  the  engine  [5].  However,  the  use  of 
thermal  sprayed  TBC  systems  have  not  generally  been 
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Figure  1  Schematic  of  thermal  barrier  coating  systems  showing 
thermal  gradient  subtended  across  the  ceramic  layer 


extended  to  high-pressure  turbine  aerofoils,  due  to  their 
poor  surface  finish,  high  heat  transfer  coefficient,  low 
erosion  resistance  and  poor  mechanical  compliance. 
Success  in  coating  turbine  aerofoils  has  been  achieved 
by  adopting  electron  beam  physical  vapour  deposition 
(EB-PVD)  technology  to  coat  these  parts.  Thermal 
barrier  coatings  deposited  by  EB-PVD  processes  have  a 
good  surface  finish  [5],  columnar  microstructures  with 
high  strain  compliance  [5,6]  and  good  resistance  to 
erosion  [5,7]  and  foreign  object  damage  [7].  EB-PVD 
thermal  barrier  coatings  have  been  used  in  production 
since  1989  [8], 

Unfortunately,  the  microstructure  which  gives  the  EB- 
PVD  TBC  system  its  high  strain  compliance  and  good 
erosion  resistance  leads  to  a  relative  high  thermal 
conductivity  when  compared  to  thermally  sprayed 
coatings  (Figure  2):  Table  1  compares  the  properties 
and  performance  of  commercially  produced  thermally 
sprayed  and  EB-PVD  deposited  PTSZ  thermal  barrier 
coatings.  Previous  work  in  the  development  of  ceramic 
alloy  compositions  indicated  that  there  is  opportunity  to 
reduce  the  thermal  conductivity  of  the  zirconia-based 


Bulk  EB-PVD  Plasma 

Zirconia  TBC  Sprayed 

TBC 

Figure  2  Thermal  conductivities  of  bulk,  EB-PVD  and  thermally 
sprayed  zirconia-yttria  materials  at  room  temperature. 


systems  by  alloying  with  ceria  and  yttria  [9].  This  paper 
discusses  the  theoretical  models  of  heat  transfer  in  solids 
with  regard  to  the  reduction  of  the  thermal  conductivity, 
and  reviews  these  against  the  measured  values  on  TBC 
coatings  engineered  for  low  conductivity. 


Table  1  Properties  of  TBC’s  at  Room  Temperature 


Property/Characteristic 

EB- 

PVD 

Plasma 

Sprayed 

Thermal  Conductivity  (W/mK) 

1.5 

0.8 

Surface  Roughness  (pm) 

1.0 

10.0 

Adhesive  Strength  (MPa) 

400 

20-40 

Young’s  Modulus  (GPa) 

90 

200 

Erosion  Rate  (Normalised  to 
PVD) 

1 

7 

2.  THEORY  OF  CONDUCTION 

The  theory  of  thermal  conductivity  in  solids  is  fully 
described  elsewhere  and  will  only  be  briefly  reviewed 
here  [10-12].  In  crystalline  solids  heat  is  transferred  by 
three  mechanisms,  (i)  electrons,  (ii)  lattice  vibrations  and 
(iii)  radiation.  As  zirconia  and  its  alloys  are  electronic 
insulators  (electrical  conductivity  occurring  at  high- 
temperatures  by  oxygen  ion  diffusion),  electrons  play  no 
part  in  the  total  thermal  conductivity  of  the  system. 

The  contribution  to  thermal  conductivity  from  lattice 
vibrations  (the  quanta  of  which  are  known  as  phonons) 
is  given  by: 

kp  =  X-\CvPvlp  [1] 

Whilst  equation  [1]  describes  the  phonon  conductivity, 
the  total  thermal  conductivity  of  the  material  is  higher 
than  this  figure  due  to  the  contribution  to  the  thermal 
conductivity  by  radiation.  Zirconia  is  susceptible  to 
radiation  transport  (photon  transport)  at  high- 
temperatures  (Figure  3).  The  contribution  to  the  total 
thermal  conductivity  due  to  radiation  can  be  written; 

kr  JAan2T3lr  [2] 

Therefore  the  total  theoretical  thermal  conductivity  of 
zirconia-based  systems  is  merely  the  sum  of  the  two 
terms : 

k  =  kp  +  kr.  [3] 
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Figure  3  Emittance  and  transmittance  of  zirconia  as  a  function 
of  wavelength. 
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4  Theoretical  conductivity  of  EB-PVD  zirconia  ceramics 
as  a  function  of  yttria  content. 


If  the  mean  free  path  for  radiative  transport  is  assumed 
to  be  the  thickness  of  the  coating  then,  for  an  application 
where  the  surface  of  the  TBC  is  operating  at  1473K  and 
the  interface  operates  at  1323K  the  contribution  to  total 
thermal  conductivity  due  to  radiation  could  be  as  high  as 
1  W/m.K.  In  this  case  the  heat  flux  which  could  arise 
through  radiation  is  of  the  order  of  80-90  kW/m2  out  of 
typical  total  values  of  800  kW/m2  seen  in  high  heat  flux 
regions  in  engines.  Clearly  the  mean  free  path  of 
photons  is  not  the  thickness  of  the  coating  and  therefore 
radiation  is  attenuated  within  the  TBC  structure  reducing 
the  contribution  to  the  total  conductivity  from  the  value 
listed  above.  However,  as  the  operating  temperature 
increases  the  contribution  to  thermal  conductivity  from 
radiation  becomes  more  important. 

Therefore  to  lower  the  intrinsic  thermal  conductivity  of  a 
system,  reductions  in  the  specific  heat  capacity,  phonon 
velocity  and  mean  free  path,  density  or  refractive  index 
are  needed.  The  specific  heat  capacity  at  constant 
volume  for  any  system  is  constant  at  a  value  of  3.kbN  « 
25  J/(K.mol)  [13]  above  the  Debye  temperature  (380K 
[13]  for  zirconia).  Therefore  to  engineer  a  lower  thermal 
conductivity  in  zirconia-based  ceramics,  the  only  options 
are  to  lower  the  mean  free  paths  of  the  heat  carriers,  to 
lower  the  velocity  of  the  heat  carriers,  or  to  lower  the 
density  of  the  material. 

In  real  crystal  structures  scattering  of  phonons  occurs 
when  they  interact  with  lattice  imperfections  in  the  ideal 
lattice.  Such  imperfections  include  vacancies, 
dislocations,  grain  boundaries,  atoms  of  different  masses 
and  other  phonons.  Ions  and  atoms  of  differing  ionic 
radius  also  scatter  phonons  by  locally  distorting  the  bond 
length  and  thus  introducing  elastic  strain  fields  into  the 
lattice.  The  effects  such  imperfections  cause  can  be 
quantified  through  their  influence  on  the  phonon  mean 
free  path.  This  approach  has  been  used  by  several 
workers,  for  which  the  phonon  mean  free  path  (lp)  is 
defined  by:- 
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‘  p  i  ‘vac  ‘gb  ‘strain 

Of  these  the  grain  boundary  term  has  the  least  effect  on 
the  phonon  mean  free  path,  whilst  the  intrinsic  lattice 
structure  and  strain  fields  have  the  most  significant 
effect.  For  example,  the  addition  of  NiO  has  a  marked 
effect  on  the  intrinsic  mean  free  path  in  MgO,  reducing 
the  mean  free  path  by  a  factor  of  10  [14].  However,  the 
addition  of  alloying  oxides  has  the  largest  effect  on 
simple  systems,  the  zirconia-yttria  crystal  system  is  more 
complex  than  MgO  and  the  effect  of  alloying  additions 
is  less.  For  zirconia  based  systems,  workers  in  the  field 
have  demonstrated  that  increasing  the  level  of  yttria  in 
the  alloy,  decreases  the  thermal  conductivity  [15,16] 
which  is  commensurate  with  shorter  intrinsic  mean  free 
paths  with  increasing  yttria  content  (Figure  4). 

Further  to  the  reduction  in  the  intrinsic  mean  free  path 
due  to  alloying,  local  strain  fields  and  vacancies  can  be 
generated  in  the  lattice.  These  strain  fields  and  vacancies 
act  to  scatter  phonons  directly  increasing  phonon 
dispersion  in  the  lattice.  With  increased  dispersion,  there 
is  a  high  probability  that  phonon-phonon  interactions 
will  occur  whereby  the  mean  free  path  will  be  further 
reduced.  The  benefit  of  a  20-30%  lower  thermal 
conductivity  by  adding  divalent  transition  metal  dopants, 
as  reported  by  Tamarin  et  al  [17]  is  attributed  to  this 
effect  and  in  part  to  the  dopants  ability  to  attenuate 
radiation  within  the  ceramic  layer. 

For  thermally  sprayed  TBC's  the  typical  grain  size  is  of 
the  order  of  1  pm  and  for  EB-PVD  TBC's  the  grain  size 
varies  from  c.a.  «1  pm  at  the  interface  whilst  the 
column  length  is  100-250  pm  in  the  bulk  of  the  coating. 
These  dimensions  have  little  effect  on  the  mean  free  path 
of  phonons.  However,  these  dimensions  can  have  an 
effect  on  the  radiative  transport  in  the  ceramic,  where  a 
reduction  in  the  mean  free  path  for  photons  from  250 
pm  to  1  pm  would  cause  a  reduction  in  the  radiation 
contribution  to  total  thermal  conductivity  from  1  to 


Figure  5  photomicrographs  of  thermally  sprayed  (top)  and  EB- 
PVD  TBC's  (bottom),  showing  the  differences  in  microstructure. 


0.005  W/m.K  from  equation  [2], 

In  real  coating  systems  grain  boundaries  are  associated 
with  air-gaps  (inter-splat  boundary  porosity  and  inter¬ 
column  porosity  in  thermally  sprayed  and  EB-PVD 
TBC's  respectively  -  Figure  5)  and  these  have  a 
significant  effect  on  the  thermal  conductivity.  The 
alignment  of  the  inter-splat  boundaries  in  the  case  of  the 
thermally  sprayed  coatings  has  by  far  the  larger  effect 
reducing  the  conductivity  of  zirconia-yttria  TBC 
materials  from  theoretical  values  of  2.2-2.6  W/m.K  to 
values  in  the  range  0.7-0.9  W/.m.K  (refer  to  Table  1). 
This  behaviour  is  well  documented  and  is  due  to  the 
reduction  of  mean  free  paths  of  photons  (radiative  heat 
transfer)  by  scattering  at  the  splat  boundaries,  but  more 
importantly,  by  the  reduction  in  the  composite  thermal 
conductivity  due  to  the  air-gaps  [18]. 


3.  THERMAL  CONDUCTIVITY  IN  EB-PVD  TBC's 
Whilst  the  thermal  conductivity  of  air  plasma  sprayed 


Figure  6  Effect  of  coating  thickness  on  thermal  conductivity  of 
EB-PVD  at  room  temperature. 


PYSZ  ceramic  and  bulk  zirconia  are  essentially 
insensitive  to  coating  thickness  this  is  not  the  case  for 
EB-PVD  ceramics  [19].  This  behaviour  is  illustrated  in 
Figure  6. 


The  explanation  for  this  increase  in  thermal  conductivity 
with  thickness  relates  to  the  unique  columnar 
microstructure  which  characterise  PVD  ceramics  when 
grown  from  the  vapour  phase.  During  deposition, 
competitive  growth  occurs,  as  illustrated  in  Figures  7 
and  8.  This  results  in  a  decrease  in  the  number  of 
oblique  columnar  boundaries  in  the  outer  part  of  the 
coating  as  grains  with  “less  favoured”  growth  directions 
are  eliminated  from  the  coating  structure.  The  number 
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Figure  7  Differences  in  the  column  density  for  the  nucleate 
zone  (top)  and  the  steady  state  region  (bottom) 
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k  =  1 .0  W/m.K  k=2.2  W/m.K 

Figure  8  Schematic  of  an  EB-PVD  TBC  and  the  associated 
variation  of  thermal  conductivity  for  the  two-layer  model 


Measured  values,  [W/m.K] 

Figured  Comparison  between  predicted  and  measured  thermal 
conductivities  of  EB-PVD  TBC's  of  varying  thickness. 


and  distribution  of  columnar  boundaries  is  responsible 
for  the  reduction  in  thermal  conductivity.  More 
boundaries  mean  additional  centres  capable  of  scattering 
thermal  waves.  Thus  the  thermal  conductivity  of  an  EB- 
PVD  TBC  can  be  modelled  successfully  using  a  two- 
layer  model,  shown  schematically  in  Figure  8  [19].  The 
inner  “nucleate”  zone  is  dominated  by  defect/grain 
boundary  scattering  and  this  results  in  a  lower 
conductivity  of  around  1.0  W/m.K.  With  increasing 
thickness,  the  structure  is  characterised  by  a  dominant 
crystallographic  texture  and  the  thermal  conductivity 
increases  as  the  outer  part  of  the  coating  becomes  more 
perfect.  In  this  outer  zone  the  thermal  conductivity 
approaches  that  of  bulk  zirconia  at  circa  2.2  W/m.K. 
The  overall  coating  thermal  conductivity  results  from  the 
combined  effect  of  these  two  layers  and  can  be  predicted 
using  a  rule  of  mixtures.  For  coating  thicknesses  (x)  less 
than  X]  (100pm  for  the  schematic  illustrated  in  Figure  8) 
then 

k  =  k,  [5a] 


process  used  to  produce  the  thermal  barrier  coating 
strongly  affects  the  coatings  resultant  thermal 
conductivity.  Lamellar  interfaces,  parallel  to  the 
coating/substrate  interface  as  produced  in  plasma 
sprayed  ceramic,  act  to  strongly  scatter  thermal  waves 
reducing  the  coatings  thermal  conductivity.  This 
behaviour  is  observed  to  a  lesser  extent  in  the  inner 
growth  zone  of  EB-PVD  deposited  coatings  due  to  the 
inclined  nature  of  many  of  these  inner  boundaries. 
Defect  scattering  must  also  play  a  role  in  this  early 
deposition  zone  of  EB-PVD  ceramics.  However,  due  to 
the  competitive  nature  of  coating  growth  for  vapour 
deposited  coatings  a  dominant  growth  texture  is 
developed.  This  vertically  aligned  microstructure  of  the 
outer  layer  of  an  EB-PVD  coating  results  in  thermal 
conductivities  close  to  that  for  the  bulk  ceramic. 

These  observations  would  suggest  that  to  further  reduce 
the  thermal  conductivity  of  EB-PVD  TBC’s  one  should 
introduce  layers  and/or  additional  phonon  scattering 
centres  into  the  coating. 


while  for  coating  thickness  (x)  greater  than  x, 


k=  fl*L  +  k 

X  X 


[5b] 


Figure  9  provides  a  comparison  between  predicted  and 
measured  thermal  conductivities  for  EB-PVD  zirconia 
thermal  barrier  coatings,  illustrating  the  good  agreement 
to  experiment  of  this  two  layer  thermal  conductivity 
model. 


It  should  be  expected  that  the  thermal  conductivity  of 
chemical  vapour  deposited  (CVD)  ceramic  should  show 
a  similar  thickness  dependence  to  EB-PVD  zirconia  as 
both  coating  morphologies  are  grown  from  the  vapour 
phase.  A  study  on  the  thermal  conductivity  of  CVD 
deposited  synthetic  diamond  confirms  this  hypothesis 
[19,20], 

From  the  foregoing,  it  is  evident  that  the  manufacturing 


4.  REDUCTION  OF  THERMAL  CONDUCTIVITY  IN 
EB  PVD  COATINGS  BY  LAYERING 

The  former  section  discussing  heat  transfer  into  and 
through  the  ceramic  has  highlighted  a  number  of 
methods  capable  of  reducing  the  thermal  conductivity  of 
the  zirconia  ceramic.  To  reduce  radiative  transport 
‘colouring’  and  ‘layering’  are  possibilities,  while 
introducing  ‘atom  dimension  defects’,  ‘local  changes  in 
ceramic  density’  and  ‘local  variation  in  ceramic  elastic 
modulus’  may  be  effective  in  reducing  phonon 
conduction. 

As  indicated  earlier  the  plasma  sprayed  TBC  structure  is 
such  that  the  contribution  to  total  thermal  conductivity 
by  radiation  is  minimised  by  the  lamellar  splat 
boundaries  at  a  typical  spacing  of  1  pm.  If  this 
attenuation  of  the  radiative  transport  mechanism  could 
be  applied  to  EB-PVD  it  could  make  a  significant 
contribution  to  the  reduction  of  the  thermal  conductivity, 
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especially  at  high  temperatures.  Thus  layering  of  the 
ceramic  appears  a  most  promising  route  to  lower  the 
ceramics  thermal  conductivity,  especially  if  it  can  be 
coupled  with  charging  the  local  density  or  elastic 
modulus  of  the  material.  A  suitable  periodicity  of  the 
layers  should  be  0.2-2.0pm  (between  X  and  A./4  for  an 
incident  radiation  of  0.5-5.0  pm),  which  is  able  to  scatter 
photons  and  thus  reduce  radiative  transport.  This 
concept  of  layering  within  each  column  of  an  EB-PVD 
coating  is  illustrated  schematically  in  Figure  10. 

To  reduce  phonon  conduction  layer  periods  would  have 
to  be  of  near  atomic  dimensions  (0.3-2. Onm)  and  this  is 
not  considered  feasible,  although  it  should  be  possible  to 
locally  change  either  the  elastic  modulus  or  density  of 
the  ceramic  by  introducing  atomic  level  defects  into  the 
lattice. 

The  PVD  process  offers  a  number  of  ways  to  tailor 
coating  microstructures  and  thereby  introduce  multi¬ 
layers,  since  both  the  column  angle  and  morphology 
may  be  influenced  by  variations  in  the  flux  density  and 
the  direction  this  flux  subtends  to  the  substrate  surface 
[21]. 

Three  alternative  EB-PVD  processing  routes  could  be 
used  to  generate  layering  within  the  columns. 

•  Route  1  varying  the  speed  of  rotation  of  the  parts 
during  coating 

•  Route  2  rocking  the  substrate  between  two  fixed  tilt 
angles. 

•  Route  3  varying  the  degree  of  ion  bombardment  to 
change  the  density  of  the  ceramic. 

The  principle  behind  each  of  these  routes  is  to  introduce 
interfaces  into  each  of  the  column  structures  which  are 
essentially  parallel  to  the  ceramic/bond  coat  interface, 
but  without  disrupting  the  overall  columnar  structure 
that  provides  the  coating  with  its  good  strain  tolerance 
and  erosion  resistance.  Thus,  these  layered  structures 
should  offer  the  best  of  the  properties  currently  available 
from  commercial  EB-PVD  coatings  and  thermally 
sprayed  ceramic  coatings,  namely  low  thermal 
conductivity,  good  strain  tolerance  and  good  erosion 


resistance.  The  concept  is  the  subject  of  a  European 
patent  [22], 

This  paper  focuses  on  the  use  of  ion  bombardment  to 
create  layers  in  the  EB-PVD  structure  with  varying 
density. 

4. 1  Layering  by  Plasma  Assisted  Deposition 

This  method  uses  a  glow  discharge  plasma  to  vary  the 
density  of  the  ceramic  during  deposition.  Figure  11 
illustrates  a  typical  micrograph  of  the  morphological 
changes  that  can  be  introduced. 

The  layers  were  produced  by  switching  the  D.C.  bias 
applied  to  the  substrate  between  high  and  low  levels 
during  deposition.  This  has  the  effect  of  periodically 
changing  the  degree  of  ion  bombardment  and  thus 
altering  the  density  of  the  layers  produced.  The 
micrograph  illustrated  in  Figure  11,  was  produced  by 
switching  between  a  D.C.  bias  with  a  peak  voltage  of 
2500V  and  ground.  The  degree  of  bombardment  that  is 
attained  depends  on  the  applied  bias  and  local  current 
density,  current  densities  typically  greater  than 
O.lmA/cm2  are  required  to  achieve  a  significant  density 
change  [22], 

The  measured  thermal  conductivity  for  this 
microstructure  is  significantly  lower  than  that  for  a 
coating  produced  without  ion  bombardments  (Figure 
12).  Reductions  of  the  order  of  37-45%  compared  to 
state-of-the-art  EB-PVD  TBC's  have  been  measured  for 
these  layered  structures  that  are  approaching  the  values 
for  thermally  sprayed  TBC  systems. 


Figure  11  Layered  structures  introduced  by  PAPVD  processing 
of  the  ceramic.  Top  general  view,  bottom  detail  of  a  boundary 
region. 


Figure  IQ  Schematic  of  layering  within  an  EB-PVD  column  to 
reduce  radiative  heat  transfer  within  the  coating. 
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Figure  12  Relative  thermal  conductivity  of  modified  EB-PVD 
TBC  systems  compared  to  state-of-the-art  EB-PVD  and 
thermally  sprayed  TBC's. 


Figure  14  An  example  of  a  tailored  EB-PVD  layered  structure. 


Clearly,  the  combination  of  layering  at  micron 
dimensions  and  the  introduction  of  density  change  from 
layer  to  layer  work  in  combination  to  significantly 
reduce  the  thermal  conduction  of  the  coating.  As 
discussed  earlier  the  layering  periodicity  has  been 
selected  to  significantly  reduce  photon  transport,  while 
local  changes  in  layer  density  act  to  scatter  phonons  and 
thus  reduce  thermal  conduction  by  lattice  vibrations. 

Using  this  process  route  it  has  been  possible  to  introduce 
layers  into  individual  columns,  without  change  the 
overall  vertical  columnar  microstructure  required  for 
good  strain,  tolerance  and  good  erosion  resistance.  For 
example,  it  can  be  seen  from  Figure  13  that  layering 
produces  no  significant  deterioration  to  the  erosion 
performance  of  an  EB-PVD  thermal  barrier  coating. 

Also  it  is  possible  by  programming  the  sequencing  of 
bias  application  to  tailor  the  position  of  the  layers  in  the 
coating.  This  potentially  has  benefits  in  allowing  the 
properties  of  the  coating  to  be  varied  from  the  surface  to 
the  interface.  For  example  more  erosion  resistant 
structures  could  be  generated  at  the  outer  surface  of  the 
coating  with  the  application  of  bias  in  this  region,  whilst 
the  inner  zone  of  the  coating  is  layered  to  lower  the 
thermal  conductivity.  To  demonstrate  this  a  coating  was 
produced  where  the  early  deposition  has  no  bias  applied, 


EB-PVD  TBC  Layered  EB-PVD  Plasma  Sprayed  TBC 

TBC 

Figure  13  Erosion  performance  of  varuious  modified  EB-PVD 
coatings. 


followed  by  a  region  with  bias  and  high  ion  current 
density  to  produce  maximum  density  changes  between 
layers.  This  was  followed  by  a  region  of  low  current 
density  giving  low  density  differences  between  layers 
and  finally  a  region  of  high  current  density  giving  a 
denser  structure.  (Figure  14). 

4,2  Addition  of  dopants  to  reduce  thermal  conductivity 

Tamarin  and  co-workers  [17]  have  examined  the 
addition  of  divalent  transition  metal  oxides  to  reduce  the 
thermal  conductivity  of  zirconia-yttria  TBC's.  As  eluded 
to  earlier  this  has  two  effects,  firstly  to  reduce  the 
phonon  transport  in  the  material  and  secondly  a 
reduction  in  the  radiative  transport  mechanism.  The  use 
of  a  divalent  transition  metal  oxide  introduces  vacancies 
as  well  as  strain  centres  into  the  lattice  both  of  which 
will  reduce  the  phonon  mean  free  path.  In  addition  this 
doping  changes  the  colour  of  the  TBC  material  to  dark 
grey,  reducing  radiation  transport  in  the  visible  range 
and  by  inference  in  the  near  infra-red. 

Following  this  concept  of  dopant  additions,  further 
reduction  in  phonon  thermal  conductivity  could  be 
achieved  by  the  selection  of  low  levels  of  dopant  which 
maximise  lattice  strain  and  lattice  anharmonicity.  This  is 
best  achieved  by  the  addition  of  transition  metal  ions 
with  high  mass  and  large  ionic  radii. 


5.  SUMMARY  OF  REMARKS  AND  CONCLUSIONS 

This  paper  has  examined  the  factors  that  control  the 
thermal  conductivity  of  thermal  barrier  coatings  and  has 
highlighted  the  significance  of  three  factors  capable  of 
lowering  the  coating  thermal  conductivity. 

1)  Colouring  of  the  coating  by  addition  of  dopant 
materials  can  be  used  to  increase  the  opaqueness  to 
infra-red  radiation  and  therefore  radiative  transport 
through  the  coating. 
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2)  Atomic  level  defects,  such  as  atoms  of  differing 
mass,  vacancies  etc.  can  be  introduced  by  adding 
dopants  or  by  ion  bombardment.  These  are  effective  in 
reducing  phonon  conduction,  i.e.  heat  transfer  by  lattice 
vibrations  (Figure  15).  A  recent  patent  by  Strangman 
[23]  describes  a  TBC  system  with  stabilised  porosity 
wherein  the  pores  are  coated  with  a  nobel  metal  (Figure 
16).  This  stabilised  poriosity  along  with  the  nobel  metal 
coating  is  claimed  to  reduce  the  thermal  conductivity 
and  improve  its  sintering  behaviour  at  high 
temperatures. 

3)  Layering,  can  be  used  to  introduce  interfaces  parallel 
to  the  ceramic  bond  coat  interface  and  is  effective  in 
reducing  both  radiative  and  phonon  transport.  The  layer 
periodicity  when  set  at  levels  between  0.5  and  2.0pm  is 
effective  in  reducing  photon  transport,  when  coupled 
with  a  significant  change  in  layer  density  from  one  layer 
to  another.  These  local  changes  to  the  ceramic  density 
are  also  believed  to  be  effective  in  reducing  phonon 
conduction.  Thus  layering  has  been  shown  to  be  a  most 
effective  method  of  modifying  the  thermal  conductivity 
of  EB-PVD  thermal  barriers  (Figure  16). 

By  using  a  switched  D.C.  bias,  applied  to  the  substrate  it 
is  possible  to  introduce  these  layers  during  the 
deposition  processes.  The  degree  of  ion  bombardment 
controls  the  density  changes  achieved,  thus  allowing 
tailoring  of  the  ceramic  microstructure  to  engineer  the 
most  appropriate  mechanical  and  thermal  properties  in 
the  coating  for  the  operational  requirements  placed  on  it. 
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ABSTRACT 

PyroGenesis  Inc.  has  developed  a  unique 
process  for  the  production  of  components 
designed  to  operate  in  the  hot  section  of  gas 
turbines.  The  new  process  involves  spray 
forming  multilayer  components  by  Vacuum 
Plasma  Spraying  (VPS)  onto  molds  and 
subsequently  separating  the  mold  from  the 
near  net-shape  free-standing  component. 
Advanced  TBCs  have  been  developed  and 
incorporated  into  the  multilayer  structure  in 
an  effort  to  extend  the  component’s  high 
temperature  performance  capabilities.  The 
spray  formed  components  are  heat  treated 
to  improve  the  mechanical  properties  of  the 
superalloys.  PyroGenesis  has  used  the 
VPS  near  net-shape  forming  process  to 
fabricate  closed  components  with  a  TBC 
inner  layer,  consisting  of  calcia  silica 
(CajSiOJ  and  zirconia  partially  stabilized 
with  yttria  (PSZ),  a  CoNiCrAlY  bond  coat, 
and  an  IN-738LC  outer  layer.  Preliminary 
results  indicate  that  the  spray  formed 
components  have  excellent  mechanical 
properties,  can  operate  at  much  higher 
temperatures  than  similar  conventionally 
fabricated  components  and  require  less 
cooling.  The  TBCs  showed  uniform 
thickness  and  microstructure  with  a  smooth 
surface  finish.  The  bond  coat  and 
structural  superalloy  layers  were  very  dense 
with  no  signs  of  oxidation  at  the  interface. 


After  heat  treatment,  the  mechanical 
properties  of  the  IN-738LC  compare 
favourably  to  cast  materials.  Finally,  the 
cost  of  spray  forming  multilayer 
components  is  lower  than  the  cost  of 
conventional  fabricating  options. 

INTRODUCTION 

Combustion  system  components  of  gas 
turbine  engines  are  constructed  from  high 
service  temperature  materials,  such  as 
ceramics  and  superalloys.  For  complex  hot 
gas  containment  components,  such  as 
combustor  liners  and  transition  ducts,  the 
current  fabrication  process  consists  of: 

(i)  mechanically  forming  several  sections 
of  the  component;  (ii)  thermal  spraying  the 
inner  surface  of  each  section  to  form  the 
thermal  barrier  coating  (TBC);'(iii)  welding 
the  sections;  (iv)  thermal  spraying  the 
protective  TBC  coating  on  the  welds, 
whenever  possible;  and  (v)  laser  drilling 
thousands  of  small  holes  into  the  structure 
through  which  cooling  air  is  passed,  to 
provide  for  additional  film  cooling.  Several 
significant  problems  exist  with  components 
which  have  been  fabricated  in  this  fashion. 
One  problem  is  the  inhomogeneity  at  the 
welds.  Weld  regions  act  as  weak  sites 
from  which  failure  may  initiate  due  to  poor 
quality  finish  of  both  the  ceramic  top  coat 


Paper  presented  at  an  AGARD  SMP  Meeting  on  “Thermal  Barrier  Coatings”, 
held  in  Aalborg,  Denmark,  15-16  October  1997,  and  published  in  R-823. 
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and  metallic  bond  coat  of  the  TBC.  The 
rough  surface  of  the  TBC,  inherent  to  this 
approach  and  particularly  of  the  weld 
regions,  leads  to  an  undesirable  change  in 
flow  pattern  of  the  hot  gas.  Moreover, 
because  the  current  fabricating  process 
consists  of  mechanically  forming  sections 
of  the  component,  there  is  a  limitation  on 
the  choice  of  applicable  superalloys  (only 
superalloys  with  relatively  high  elongation 
can  be  used).  Finally,  the  cost  of  drilling 
the  thousands  of  small  holes  required  for 
cooling  is  exorbitant  and  the  use  of  cooling 
air  significantly  adds  to  the  size  of  the 
compressor. 

There  have  been  numerous  studies  on  spray 
forming  of  metals  and  ceramics  via  VPS 
[1,  2,  3,  4].  However,  to  the  authors’ 
knowledge,  there  has  not  been  any 
published  work  on  spray  forming  complex 
shape  components  with  a  ceramic  inner 
layer,  followed  by  multiple  metallic  layers. 
A  closed  component  with  an  inner  ceramic 
layer  has  potential  applications  for  thermal 
barrier  or  wear  protection  components.  In 
the  absence  of  film  cooling,  the  use  of  a 
conventional  thermal  barrier  coating  does 
not  provide  adequate  insulation  to  protect 
the  component.  The  temperature  drop 
across  conventional  TBCs  is  approximately 
120° C.  In  order  to  protect  the  combustion 
liners  and  transitions  ducts  of  an  advanced 
turbine  operating  without  film  cooling,  a 
temperature  drop  across  the  barrier  of 
approximately  350°C  is  required.  Thus, 
both  a  new  fabrication  technique  and  a 
dramatically  improved  TBC  is  needed  for 
the  proposed  application. 

PyroGenesis’  experience  in  VPS-applied 
zirconia  based  TBC  systems  (both  top  and 
bond  coats)  for  gas  turbine  engine 
applications  has  revealed  superior  thermal 
cycling  performance  at  a  lower  cost  over 
the  commonly  used  TBC’s,  where  the  bond 


coat  is  deposited  by  VPS  and  the  top  coat 
by  APS.  NASA’s  Marshall  Space  Flight 
Center  [5]  has  reported  a  five  fold  increase 
in  thermal  cycling  over  the  conventional 
TBC,  when  both  the  bond  and  top  coats  are 
applied  via  VPS.  Furthermore, 

PyroGenesis  has  experimented  with 
advanced  TBC’s  which  can  be  much  thicker 
than  conventional  zirconia  and  offer 
significantly  improved  thermal  protection. 

PyroGenesis  has  committed  itself  to 
addressing  the  problems  associated  to 
current  combustion  system  components  and 
their  fabrication  method,  by  combining  the 
advantages  of  spray  forming  and  advanced 
TBCs  with  those  of  the  VPS  technology. 


PROCESS  DESCRIPTION 

A  suitable  mold  material  was  selected  and 
surface  machined  to  the  inner  geometry  of 
the  desired  component.  The  mold  was  then 
cleaned  and  placed  inside  the  VPS 
chamber,  ready  for  service.  The  following 
unit  operations  were  then  used  to  fabricate 
multilayered  combustion  system 
components  by  VPS  spray  forming: 

(i)  mold  preconditioning;  (ii)  preheating 
the  mold  to  a  suitable  temperature  and 
depositing  the  TBC  layer;  (iii)  preheating 
the  mold  to  a  higher  temperature  and 
depositing  the  bond  coat  and  the  structural 
superalloy;  and  (iv)  removing  the  mold 
from  the  near  net-shape  component. 

Figure  1  illustrates  the  process. 

The  design  of  the  mold  is  of  particular 
importance  in  the  VPS  spray  forming 
process.  The  mold  is  used  both  to  define 
the  shape  of  the  component  and  to  control 
the  energy  balance  of  the  process,  a  critical 
issue  in  controlling  the  stresses  within  the 
spray  formed  structure. 


The  mold  surface  was  preconditioned  using 
the  plasma  jet;  this  was  a  critical  step 
which  ensured  proper  bonding  between  the 
mold  and  the  deposit  during  spray  forming, 
yet  allowed  for  proper  detachment  at  the 
same  interface  upon  cooling.  The 
deposition  onto  the  mold  started  with  the 
TBC  layer  (up  to  1.5  mm  thick),  followed 
by  a  CoNiCrAlY  bond  coat  layer  (150  /xm), 
and  finally  reinforced  with  a  thick  IN- 
738LC  structural  layer  (5  mm).  Between 
layers  the  mold  was  preheated  in  an  effort 
to  minimize  stresses  within  the  deposited 
structure.  Upon  completion  of  the 
deposition  step,  the  coated  mold  was  cooled 
to  room  temperature  in  an  inert 
atmosphere.  The  difference  in  the 
coefficient  of  thermal  expansion  between 
the  mold  and  the  deposited  layers  provides 
natural  debonding  to  occur  at  this  interface. 
Upon  the  removal  of  the  mold,  a  near  net- 
shape  component  was  obtained  with  a 
uniform  TBC  incorporated  into  the  inner 
surface. 


mold 

preconditioning 


deposition 
of  layers 


removal 
of  mold 


near  net-shape 
component 


Figure  1.  Schematic  of  VPS  near  net- 
shape  forming  process. 


RESULTS  AND  DISCUSSION 


The  component  was  then  heat  treated  to 
transform  the  lamellar  grain  structure  which 
is  typically  produced  by  spray  forming  to  a 
fine  equiaxed  grain  structure  with 
significantly  improved  mechanical 
properties.  Finally,  the  heat  treated 
component  was  machined  to  the  desired 
shape  and  tolerances. 


Macroscopic  Features.  Several 
macroscopic  features  were  evident  on  the 
near  net-shape  component.  The  inside 
surface  of  the  component,  or  the  top  coat 
surface  of  the  TBC,  had  a  very  smooth  (Rz 
<  20  //m)  surface  finish  which  mirrored 
the  surface  finish  of  the  mold.  The 
component’s  inner  geometry  was  slightly 
larger  (0.6%)  than  the  machined  mold  due 
to  the  slight  thermal  expansion  experienced 
during  processing.  If  required,  the  mold 
could  be  easily  machined  under  final 
tolerance  to  compensate  for  the  expansion. 

Microscopic  Features.  The  microstructure 
of  the  component  cross-section  is  presented 
in  Figure  2.  The  porosity  level  of  the  TBC 
top  coat  could  be  controlled,  between  less 
than  1  %  up  to  20%,  to  maximize  its 
thermal  barrier  characteristics  and  thermal 
shock  resistance.  The  porosity  level  of  the 
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TBC  presented  in  Figure  2  is  approximately 
7%.  The  CoNiCrAlY  bond  coat  and  IN- 
73  8LC  structural  layers  were  applied  in 
dense  form;  porosity  levels  were  below  1  % 
for  both  layers.  Typical  to  VPS-applied 
metals,  both  of  the  metal  layers  reveal  an 
absence  of  oxidation. 

Figure  3  is  a  micrograph  of  IN-738LC  after 
etching.  The  sprayed  microstructure 
reveals  the  typical  features  found  in  as- 
sprayed  coatings:  lamellar  and  dendritic 
structures.  After  heat  treatment  the 
microstructure  is  more  homogeneous,  with 
fine  grains  and  lower  in  porosity 
(Figure  4).  The  average  grain  size,  after 
heat  treatment,  is  approximately  1/on. 


t 


,  IN738LC  V  #  *  /  $ 

t  '  *  .  * , 

.  ■  *  * 

•'  '  .  '  :  '  ’  .  .  t  ■  ■  '  • 

250  microns 

Figure  2.  Micrograph  of  component 
cross-section  (unetched). 


50  microns 


Figure  3.  Micrograph  of  as-sprayed 
IN-738LC  (etched). 

Mechanical  Properties.  The  mechanical 
properties  of  the  VPS-applied  IN-738LC 
were  measured  and  compared  to  cast  IN- 
738LC  (Table  1).  The  as-sprayed  properties 
of  the  superalloy  show  higher  tensile 
strength  and  lower  ductility,  characteristic 
of  thermally  sprayed  metals.  After  heat 
treatment,  however,  the  elongation 
increases  dramatically  while  maintaining 
high  strength.  In  fact,  the  mechanical 
properties  of  the  sprayed  and  heat  treated 
IN-738LC  are  superior  to  those  of  cast 
IN-738LC.  The  tensile  strength  of  the 
sprayed  and  heat  treated  superalloy  remains 
relatively  high  at  elevated  temperatures. 
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50  microns 


Figure  4.  Micrograph  of  VPS-applied 
and  heat  treated  IN-738LC 
(etched). 


Table  1.  Mechanical  properties  of  VPS- 
applied  and  Cast  IN-738LC. 

Cast* 

@RT 

VPS 

@RT 

VPS+H 

T  @RT 

VPS+HT 

@800°C 

YS 

(MPa) 

896 

- 

960+10 

666 

UTS 

(MPa) 

1034 

1195  +  1 

2 

1161  +  13 

752 

Elong 
.  (%) 

9 

0.6+0.2 

9.5+0.5 

- 

Hard 

(HV) 

- 

338+72 

352+12 

- 

*  from  technica 
Inc. 

data  published  by  S 

NCO 

TBC  Development.  A  number  of  TBC 
options  were  considered  for  the  envisioned 
application.  The  target  was  to  create  a 
TBC  thick  enough  to  offer  a  AT  of  350°C. 
The  thickness  of  the  TBC  depends  on  the 
thermal  conductivity,  and  therefore, 
composition  and  morphology,  of  the  TBC. 
Table  2  shows  the  theoretical  thickness 
required  for  three  TBC  options. 


Table  2.  TBC  Options  for  350°C  AT 

Material 

k  (W/m  K) 

Thickness 

PSZ 

0.8 

0.7  mm 

A1A 

6 

4.9  mm 

Ca^A 

1.7 

1.4  mm 

While  PSZ  offers  the  lowest  thermal 
conductivity,  a  durable  700  jum  monolithic 
PSZ  layer  is  unlikely.  Our  experience 
suggests  that  PSZ  layers  thicker  than 
300  jiim  are  susceptible  to  cracking  and 
delamination  either  during  spraying  or  upon 
thermal  cycling.  Pure  alumina  is  also  not 
suitable  due  to  its  relatively  high  thermal 
conductivity. 

Following  a  preliminary  screening  of  12 
TBC  options,  two  compositions  were 
identified  for  further  testing:  (i)  a 
MCrAlY/PSZ  graded  and  laminated 
structure;  and  (ii)  a  PSZ/Ca^SA  graded 
structure.  The  two  selected  TBC  options 
were  sprayed  onto  flat  coupons  and  tested 
for  thermal  shock  resistance,  thermal 
cycling,  and  oxidation  at  1100°C. 

A  microstructure  of  the  as  sprayed 
MCrAlY/PSZ  TBC  is  shown  in  Figure  5. 
The  MCrAlY  used  in  this  study  is  AMDRY 
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995  (CoNiCrAlY).  While  the  thermal 
shock  test  (heating  to  1,100°C  and  rapidly 
quenching  in  water)  showed  satisfactory 
results  for  this  TBC  option,  the  oxidation 
tests  proved  that  graded  MCrAlY  layers 
oxidize  very  rapidly  above  900° C.  A 
microstructure  of  the  TBC  after  25  hrs  in 
air  at  1,100°C  is  shown  in  Figure  6. 

Under  these  conditions  the  coating  expands 
in  volume  and  delaminates.  Based  on  this 
catastrophic  failure,  no  thermal  cycling 
tests  were  performed  for  this  option. 


300  microns 


Figure  6.  Micrograph  of  MCrAlY/PSZ 
TBC  after  25  hrs  oxidation 
at  1,100°C. 
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Thermal  cycling  was  performed  on  the 
PSZ/Ca2Si04  TBC  by  heating  Hat  coupons 
to  1,100°C  with  an  oxyacetylene  torch  and 
cooling  rapidly  with  compressed  air. 
Following  300  cycles  no  delamination  was 
observed. 

A  number  of  PSZ/Ca2Si04  TBCs  were 
produced  on  flat  stainless  steel  substrates 
and  tested  for  their  thermal  barrier 
properties.  The  test  was  performed  by 
heating  the  TBC  face  with  two  high 
intensity  infrared  lamps  and  measuring  the 
temperature  of  both  the  hot  TBC  surface 
and  the  cooler  stainless  steel  surface.  A 
list  of  the  samples  evaluated  in  this  study  is 
shown  in  Table  3. 


Table  3.  PSZ/Ca2Si04  Samples  Tested 
for  Thermal  Conductivity. 

Sample 

Average  Thickness  (/*m) 

PSZ 

Graded 

Ca2Si04 

Z-10 

245 

BfpSiB 

559 

ZC-7 

238 

303 

317 

ZC-3 

308 

330 

650 

ZC-10 

210 

424 

455 

ZC-6A 

225 

584 

303 

ZC-9 

248 

655 

921 

Sample  Z-10  represents  a  conventional  PSZ 
TBC  sprayed  by  VPS.  Sample  ZC-9 
represents  a  TBC  which  theoretically 
should  provide  a  AT  in  excess  of  350  °C 
and  thus  meet  the  performance 
requirements  for  advanced  combustion 
liners  and  transition  ducts  without  film 
cooling. 


The  results  from  the  thermal  conductivity 
study  are  presented  in  Figure  8.  Figure  8 
shows  that  the  AT  between  the  hot  and  cold 
faces  of  a  uncoated  stainless  steel  coupon  is 
approximately  200 °C  when  the  hot  phase 
reaches  1,000°C.  By  comparison,  a 
conventional  PSZ  TBC  structure  offers  a 
AT  of  275 °C  (Sample  Z-10).  Under  the 
same  operating  condition  an  advanced  1.8 
mm  thick  PSZ/Ca2Si04  TBC  offers  a  AT  of 
approximately  420°C  (Sample  ZC-9). 

Thus,  the  thermal  barrier  properties  of  the 
PSZ/Ca2Si04  developed  in  this  study  can  be 
almost  3x  better  than  a  conventional  TBC, 
which  should  be  sufficient  to  meet  the 
requirements  of  the  proposed  application. 


Temperature  onlhe  hot  surface,  (°C) 

Figure  8.  Thermal  properties  of 

PSZ/Ca2Si04  advanced  TBCs. 
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SUMMARY 


The  feasibility  of  VPS  near  net-shape 
forming  multilayered  free-standing 
components  has  been  demonstrated.  This 
innovative  fabrication  process  was  used  to 
produce  a  combustion  system  component  of 
a  gas  turbine  engine.  The  improved 
qualities  of  VPS  near  net-shape  formed 
combustion  system  component  include: 

(i)  an  advanced  TBC  capable  of  offering 
AT  in  the  order  of  350°C;  (ii)  a  superior 
high-temperature  structural  superalloy; 

(iii)  smoother  inner  TBC  surface;  (iv)  no 
irregularities  (welds)  within  the  component; 

(v)  excellent  mechanical  properties;  and 

(vi)  consistent  reproducibility.  The  cost  of 
fabricating  the  components  using  the  VPS 
net-shape  forming  technology  is 
significantly  lower  than  conventional 
methods.  Furthermore,  it  is  hoped  that  the 
need  for  film  cooling  can  be  eliminated. 
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ABSTRACT 

The  need  for  improving  the  performance  and  maintenance 
costs  of  gas  turbine  engines  has  led  to  the  development  of 
advanced  thermal  protection  systems  for  critical  components 
such  as  high  pressure  turbine  (HPT)  blades  and  vanes.  This 
led  to  the  concomitant  development  of  advanced  coating 
deposition  techniques.  Electron  beam  physical  vapour 
deposition  (EB-PVD)  first  made  possible  the  application  of 
corrosion  resistant  overlay  coatings  on  turbine  blades.  The 
EB-PVD  technology  has  since  been  gaining  ever  more 
interest  world-wide  as  it  stands  as  the  best  industrial 
technique  for  the  deposition  of  thermal  barrier  coatings  on 
first  stage  HPT  aerofoils.  The  strategic  nature  of  the  EB-PVD 
process  means  that  it  has  been  developing  somewhat 
independently  on  both  sides  of  the  iron  curtain  during  the 
cold  war  years.  Today,  both  American  and  ex-USSR 
technologies  are  open  to  the  market.  This  is  the  object  of  this 
paper  to  compare  the  two  state-of-the-arts  both  from  a 
deposition  process  standpoint  and  from  a  laboratory 
evaluation  on  samples.  This  evaluation  covers  structural 
studies  as  well  as  thermal  cycling  testing.  The  relationship 
between  the  deposition  process  and  the  coating  functional 
behaviour  is  discussed. 

INTRODUCTION 

In  the  Western  countries,  the  electron  beam  physical  vapour 
deposition  process  was  originally  developed  in  the  late  sixties 
by  Airco  Temescal  jointly  with  Pratt  &  Whitney  for  the 
application  of  overlay  type  oxidation  resistant  coatings  onto 
high  temperature  blades  and  vanes  of  jet  engines'.  The  so- 
called  MCrAlY’s,  where  M  is  nickel,  cobalt,  iron  or  a 
mixture  thereof,  offered  then  superior  environmental 
resistance  compared  to  diffusion  aluminides.  In  parallel  with 
the  development  of  advanced  oxidation  resistant  coatings, 
emerged  a  new  class  of  high  temperature  coatings  designated 
as  thermal  barrier  coatings.  A  thermal  barrier  coating  (TBC) 
is  a  duplex  system  consisting  of  a  heat  insulating  ceramic 
layer  deposited  on  a  bond  coat  underlayer  providing  adhesion 
to  the  ceramic  as  well  as  corrosion  resistance  to  the 
underlying  base  alloy.  The  ceramic  coating  is  commonly 
yttria-stabilised-zirconia  for  its  low  thermal  conductivity  and 
high  thermal  expansion  coefficient. 

The  early  application  of  TBC’s  was  the  protection  of 
combustor  parts.  This  application  involved  applying  the 
ceramic  coat  on  top  of  an  MCrAlY  coating  used  as  a  bond 
coat,  both  deposited  by  air  plasma  spraying.  One  advantage  of 
the  air  plasma  spaying  technique  is  to  provide  the  MCrAlY 
coating  with  a  rough  surface  onto  which  the  ceramic  coating 
can  mechanically  bond.  Another  advantage  of  air  plasma 
spraying  lies  in  the  heavily  microcracked  ceramic 
microstructure  it  produces  which  is  beneficial  in  terms  of 
strain  tolerance  and  thermal  shock  resistance. 

Since  the  potential  benefits  of  thermal  barrier  coatings  were 
additive  to  the  gains  in  high  temperature  strength  capability 
of  superalloys  and  in  internal  and  film  cooling  technologies. 


there  has  been  a  strong  drive  to  extend  the  application  of 
TBC’s  to  protecting  the  aerofoil  of  high  pressure  turbine 
blades  and  vanes.  Unfortunately,  the  plasma  spray  process 
proved  inadequate  for  depositing  ceramic  coatings  onto  high 
pressure  turbine  (HPT)  aerofoils  due  to  the  poor  coating 
surface  finish  retention  and  cooling  hole  obstruction 
problems.  It  has  been  alleged  that  ceramic  plasma  sprayed 
coatings  had  ‘insufficient’  spallation  resistance  for  this 
application2. 

In  the  late  seventies/early  eighties,  the  EB-PVD  technique 
was  found  to  be  a  very  interesting  potential  alternative  to 
plasma  spraying  for  depositing  TBC’s  onto  aerofoils. 
Refractory  materials  deposited  by  EB-PVD  typically  exhibit  a 
unique  columnar  morphology,  which  has  been  vehicled  as  a 
key  feature  to  accommodate  the  thermal  expansion  mismatch 
strains  with  the  metallic  substrate  upon  thermal  cycling  and 
to  resist  severe  thermal  shocks.  A  second  advantage  of  the 
electron  beam  physical  vapour  deposition  process  is  its 
capability  to  produce  coatings  with  an  acceptable  surface 
finish  as-deposited  which  is  retained  in  service  in  spite  of  the 
erosive  environment.  A  third  and  not  least  advantage  is  that 
the  EB-PVD  technique  makes  controllable  and  reproducible 
the  obstruction  of  cooling  holes.  This  is  due  to  the  deposition 
mechanism  that  takes  place  through  the  condensation  of 
coating  vapour  in  the  EB-PVD  process  rather  than  through 
the  impingement  of  large  semi-molten  particles  in  the  plasma 
spray  process. 

Although  the  potential  of  EB-PVD  TBC’s  was  recognised, 
the  know-how  to  reliably  produce  TBC’s  by  electron  beam 
physical  vapour  deposition  proved  to  be  arduous  to  establish 
because  of  ‘infant  mortality’  problems  as  reported  by  the 
Western  pioneers  themselves  .  The  strategic  nature  of  the 
EB-PVD  applications  means  that  the  difficulties  have  been 
tackled  and  the  process  technology  matured  somewhat 
independently  on  both  sides  of  the  iron  curtain  during  the 
cold  war  years.  Companies  such  as  Airco  Temescal,  Pratt  and 
Whitney  and  Chromalloy  made  essential  contributions  to 
make  the  technology  of  EB-PVD  TBC’s  industrially  viable4. 
Production  coatings  have  been  flying  in  PWA  engines  since 
1989  2. 

In  the  Eastern  countries,  the  EB-PVD  technology  was  bred  in 
prestigious  institutes  such  as  the  Paton  Welding  Institute  in 
Ukraine  and  the  VIAM  in  Russia,  with  industrial  recipients 
such  as  Saturn  and  Nickolai  Kuznetzov  (NK).  The  first 
Structure  Zone  Model  for  physical  vapour  deposited  coatings 
was  first  published  in  1963  by  Movchan  and  Demchishin5 
and  has  been  universally  referred  to  since.  The  design 
approach  of  Russian  jet  engine  manufacturers  was  such  that  it 
was  not  felt  there  was  a  need  for  coating  HP  vane  aerofoils 
with  EB-PVD  TBC’s.  As  a  result  Russian  experience  in 
production  was  bound  to  coating  blades,  not  vanes6.  This 
detail  bears  some  implications  on  the  development  of  tool 
design  and  masking  technology  (or  lack  of)  in  the  former 
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USSR.  EB-PVD  TBC’s  applied  on  single  crystal  blades  have 
been  flying  on  NK  engines'  since  1985. 

Today,  both  the  American  end  ex-USSR  technologies  are 
open  to  the  market.  This  is  the  object  of  this  paper  to  shed 
some  light  on  how  the  two  state-of-the-arts  compare  from  the 
technology  stand-point.  Some  of  the  commonalities  and 
differences  in  the  TBC  concept  and  manufacturing  technology 
are  first  highlighted.  Results  from  a  laboratory  evaluation  of 
coatings  that  are  representatives  of  these  technologies  are 
then  presented  and  discussed. 

COMMONALITIES  AND  DIFFERENCES 

TBCconstituents 

Whether  they  originate  from  the  East  or  from  the  West,  EB- 
PVD  TBC’s  have  overall  much  in  common  if  one  considers 
that  they  all  consist  of  an  oxidation  resistant  bond  coat 
overlaid  with  a  ceramic  top  coat  deposited  by  electron  beam 
physical  vapour  deposition.  Typical  bond  coats  are  from  the 
MCrAlY  type.  Only  in  the  West,  does  it  appear  that  diffusion 
aluminides  have  been  used  as  bond  coats  beside  MCrAlY’s. 
The  range  of  thicknesses  for  the  MCrAlY  and  ceramic  layers 
are  typically  75-125  and  80-250  microns  respectively. 
Another  invariant  between  the  two  technologies  is  the 
standard  ceramic  composition  which  consists  of  Z1O2- 
6to8wt%Y203  (YSZ).  It  is  interesting  to  note  that  this 
composition  range  was  originally  selected  from  the  thermal 
cyclic  life  optimisation  of  TBC’s  deposited  by  plasma 
spraying8. 

The  EB-PVD  manufacturing  process 

In  generic  terms,  the  EB-PVD  process  involves  evaporating 
coating  material  in  a  vacuum  chamber  by  means  of  electron 
beam  heating.  The  coating  vapour  so  generated  condenses  on 
the  work  piece  at  high  temperature.  The  coating  flux  being 
line-of-sight,  the  parts  are  manipulated  above  the  evaporation 
source  to  maximise  coating  coverage. 

The  design  of  Western  EB-PVD  coaters  is  based  on  the 
principle  that  the  evaporating  conditions  must  be  kept  as 
steady  as  possible  with  no  interruptions,  with  a  batch  of  parts 
being  coated  in  the  deposition  chamber  at  any  time  of  the 
campaign.  This  approach  implies  that  the  parts  must  be 
loaded  and  pre-hcated  externally  to  the  deposition  chamber. 
The  architecture  of  Western  type  EB-PVD  coaters  is  thus 
generally  based  on  a  central  deposition  chamber  with 
separate  pre-heating  and  unloading  chambers  (see  Figure  1). 
Although  the  main  concern  in  this  approach  is  to  maximise 
the  coater’s  productivity  and  reproducibility,  the  machine 
design  actually  has  implications  on  the  deposition  physics 
that  govern  the  coating  properties  and  this  must  be  borne  in 
mind  when  comparing  the  two  technologies.  In  the  deposition 
chamber,  the  parts  are  maintained  at  temperature  mainly 
thanks  to  the  radiative  heating  from  the  molten  pool.  For 
metallics  however,  where  the  melt  pool  surface  temperature 
is  not  as  high  as  for  ceramics,  supplementary  heating  of  the 
parts  is  provided  by  a  resistive  radiator  9'10.  Depending  on  the 
coater’s  design,  whether  it  be  Temescal  or  Leybold,  the  parts 
are  manipulated  in  the  vapour  cloud  with  various  complex 
motion  patterns  involving  rotation  and  tilting.  One  of  the 
specificity  of  the  Western  technology  though  is  the  bleed, 
inside  the  coating  chamber,  of  an  oxygen  containing  gas  when 
depositing  ceramics9,10.  The  argument  put  forward  to  justify 
for  the  need  of  oxygen  bleeding  is  to  compensate  for  the 
dissociation  of  zirconia  upon  heating  which  would  otherwise 
lead  to  some  oxygen  deficiency. 


Figure  1:  Top  view  schematic  of  a  Western  type 
(Temescal)  production  EB-PVD  coater16 


This  deficiency  is  manifested  in  the  black  colour  of  the 
zirconia  coating.  The  lack  of  stoichiometry  of  zirconia 
deposits  is  in  itself  not  a  problem  since  it  can  be  restored  via 
a  simple  heat  treatment  in  air  at  temperatures  as  low  as 
700°C.  Some  people  have  claimed  that  the  lack  of  oxygen 
during  the  coating  atomic  build  up  actually  affected  the 
coating  microstructure  in  a  detrimental  manner  due  to  the 
material  swelling  as  a  result  of  restoring  its  stoichiometry11. 
Another  argument  for  the  need  of  oxygen  bleed  inside  the 
coating  chamber,  is  the  need  to  establish,  prior  to  depositing 
the  ceramic,  a  thin  film  of  aluminium  oxide  at  the  work  piece 
surface  onto  which  the  ceramic  condensate  can  chemically 
bond12,13.  The  oxygen  rich  environment  surrounding  the  parts 
in  transit  from  the  pre-heating  chamber  to  the  deposition 
chamber  is  prone  to  forming  a  thin  film  of  alumina  acting  as 
the  ‘glue’  of  the  ceramic  coat  to  be  deposited.  To  the 
authors,  the  in  situ  bond  coat  pre-oxidation  prior  to  ceramic 
deposition  is  a  stronger  argument  to  justify  for  the  need  of 
oxygen  bleed  inside  the  coating  chamber  rather  than 
stoichiometry  or  microstructure  of  the  deposit.  Yet,  the 
Eastern  technology  of  EB-PVD  TBC’s  matured  without 
identifying  oxygen  bleed  as  a  key  deposition  parameter. 

Figure  2  is  a  schematic  of  a  Russian  production  coater.  Its 
architecture  is  based  on  a  central  deposition  chamber  with 
two  load  locks  on  each  side.  There  is  no  separate  preheating 
chambers  as  in  the  Western  coaters. 


Figure  2:  Top  view  schematic  of  an  Eastern  type 
production  EB-PVD  coater 

Pre-heating  of  the  parts  is  accomplished  inside  the  deposition 
chamber  by  the  means  of  an  electron  beam  gun  located  in  a 
separate  chamber  above  the  deposition  chamber.  This  gun  is 
also  used  as  auxiliary  heating  of  the  parts  during  the  coating 
process.  Four  stacks  of  ceramic  or  metal  ingots  are  positioned 
in  a  row  and  are  evaporated  by  four  individual  linear  electron 
beam  guns.  The  deposition  process  is  carried  out  at  a  vacuum 
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level  of  a  few  10‘4  Torr.  There  is  no  intentional  bleed  of  a 
reactive  gas  into  the  chamber.  A  typical  coating  cycle  consists 
first  in  mounting  the  carrousel  holding  the  parts  on  the 
driving  shaft  inside  the  loading  chamber.  After  the  loading 
chamber  has  been  evacuated,  the  locking  vane  is  opened  and 
the  carrousel  with  the  cold  parts  is  introduced  into  the 
deposition  chamber  by  translation  of  the  shaft.  The  parts  are 
pre-heated  inside  the  deposition  chamber  by  the  heating 
electron  beam  gun  while  the  evaporating  guns  are  kept  shut 
down.  Evaporation  is  started  after  the  work  pieces  have 
reached  the  right  temperature  regime.  Once  the  deposition  is 
completed  the  carrousel  is  driven  back  into  the  loadlock 
where  it  is  left  to  cool  down  before  it  is  unloaded. 

It  should  be  noted  at  this  point  that  Western  coaters  are 
generally  designed  to  be  dedicated  to  one  type  of  coatings  i  .e. 
metallics  or  ceramics  whereas,  in  the  Eastern  art,  the  coaters 
are  designed  and  used  to  deposit  both  types  of  coatings. 
Whether  the  latter  approach  is  better  or  worse  from  the 
production  standpoint  than  the  dedicated  type  coater  approach 
is  not  the  debate  of  the  present  discussion.  The  point  is  that 
the  flexibility  of  the  Eastern  type  coaters  permits  to  evaporate 
metallics  concurrently  with  ceramics  or  to  deposit  both  in 
sequence  in  the  same  coating  cycle  and  this  is  essential  to 
their  art14. 

SCOPE  OF  LABORATORY  EVALUATION 
Coating  systems 

Two  thermal  barrier  coating  systems  were  evaluated  in  this 
study.  The  Russian  coating  was  manufactured  at  the  Samara 
plant  of  NK  Engines  under  the  technical  supervision  of  the 
VIAM  Institute  in  Moscow.  The  American  thermal  barrier 
coating  is  the  well  known  RT31/RT33  system  manufactured 
by  Chromalloy  in  the  USA.  The  nominal  designation  of  these 
systems  is  given  in  the  table  below: 


Bond  coat/ 

Bond  coat 

Ceramic  top  coat 

Top  coat 
Designation 

composition 

composition 

RT31/RT33 

Co34Ni20Cr8A)0.5Y 

ZrOj-1  wt%Y203 

SDP2/KDP1 

Ni20Crl2A10.5Y 

ZrOr7wt%Y  203 

For  each  system,  both  bond  coat  and  ceramic  coat  were 
applied  by  electron  beam  physical  vapour  deposition  on  disk 
and  cylinder  shaped  test  pieces  made  out  of  Hastelloy  X.  The 
composition  of  Hastelloy  X  is  given  in  the  table  below  in 
wt%: 


Ni 

mu 

Fe 

Mo 

Co 

W 

bal 

1 22  | 

18 

9 

1 

0.2 

Characterization 

The  morphology  of  the  ceramic  layers  was  evaluated  using  a 
field  emission  gun  scanning  electron  microscope  (FEG- 
SEM).  Energy  Dispersive  X-Ray  analysis  coupled  with  SEM 
was  used  to  perform  chemical  analysis  in  both  the  as- 
deposited  and  as-tested  state.  Ceramic  phase  composition  was 
determined  using  CuKot  X-Ray  diffraction. 

TBC  performance  was  evaluated  using  a  thennal  cycling  test. 
Thermal  cycling  was  conducted  on  6  and  10mm  diameter  bars 
in  a  furnace  with  a  cycle  consisting  of  55  minutes  at  1 100°C 
with  a  5  minute  heat  up  and  15  minute  cool  down  to  room 
temperature  using  forced  air  convection  cooling.  The 
probability  for  the  ceramic  to  spall  off  after  many  cycles 
increases  with  dwell  time  at  room  temperature.  This  effect, 


although  poorly  understood,  is  known  to  be  moisture  related. 
Other  investigators  have  reported  the  effect  of  moisture  on 
the  spallation  resistance  of  thermally  grown  oxides  on  bare 
superalloys15.  In  these  tests,  thermal  cycling  was  interrupted 
every  20  cycles  with  the  test  pieces  left  at  room  temperature 
for  a  time  up  to  4  hours,  after  what  the  specimens  were 
inspected  and  the  cycling  resumed.  A  dwell  time  of  4  hours  at 
room  temperature  was  chosen  so  as  to  let  enough  chance  for 
the  moisture  to  have  an  effect,  if  any.  The  failure  criterion 
was  a  ceramic  spalled  area  of  at  least  20%  of  the  specimen 
coated  surface. 

RESULTS 

Characterization  of  as-deposited  TBC’s 

The  overall  TBC  systems  are  presented  in  Figure  3.  It  may  be 
seen  that  each  ceramic  coating  system  exhibits  a  specific 
ceramic  morphology.  For  a  same  nominal  YSZ  composition, 
the  RT33  process  produces  a  coarser,  more  columnar  shape 
morphology  compared  to  the  finer,  feather-like,  KDP1 
ceramic  morphology.  Moreover,  the  KDP1  feathered  columns 
coarsen  towards  the  outer  surface.  This  effect  is  not  as 
dramatic  in  the  RT33  morphology. 


Figure  3:  SEM  back-scattered  electron  image  of  the  as- 
deposited  RT31/RT33  (a)  and  SDP2/KDP1  (b)  TBC 
systems 


High  magnification  examination  of  the  ceramic  layers  at  50 
micron  height  from  the  bond  coat  gives  some  insight  into  the 
column  sub-structure  (Figure  4).  Back-scattered  electron 
imaging  reveals  internal  striation  consisting  of  alternate  dark 
and  white  layers.  This  effect  is  a  lot  less  pronounced  in  the 
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case  of  the  KDP1  ceramic  where  only  minor  striation  may  be 
distinguished  in  the  core  centre  line  of  the  feathered  columns. 


Figure  4:  SEM  back-scattered  electron  images  showing 
details  of  as-deposited  RT33  (a)  and  KDP1  (b)  ceramic 
morphologies. 


X-Ray  diffraction  patterns  of  each  ceramic  layer  are 
presented  in  Figure  5.  It  was  found  that  each  ceramic  system 
was  single  phased  and  consisted  of  tire  non-transformable 
tetragonal  phase  (t’). 


Figure  5:  X-ray  diffraction  patterns  of  RT33(a)  and 
KDP1  (b)  ceramic  layers. 


All  coatings  exhibited  the  (200)  preferential  growth 
orientation.  This  texture  is  however  less  pronounced  in  the 
Russian  ceramic.  No  peak  broadening  was  observed 
indicating  that  the  diffracting  domains  were  larger  than  0,1 
micron  in  size. 


Overall  bond  coat  composition  was  determined  using  semi- 
quantitative  EDS  analysis  over  an  80x80microns  window 
centred  within  the  bond  coat  depth.  The  analysis  results  are 
shown  in  the  table  below: 


Co 

Ni 

Cr 

Al 

Y 

Fe 

RT31  wt% 

bal 

38 

tm 

8.9 

<1 

<1 

at% 

34 

mm 

17 

SDP2  wt% 

bal 

14 

12 

<1 

<1 

at% 

14 

22 

A  band  of  white  dots  identified  as  yttrium  rich  precipitates 
was  found  at  mid-height  in  the  RT31  CoNiCrAlY  (see  Figure 
3).  It  was  observed  at  higher  magnification  that  this  yttrium 
rich  phase  was  nucleated  at  the  y/p  phase  boundary.  No  such 
yttrium  rich  precipitates  were  observed  in  the  SDP2  NiCrAlY 
layer.  A  feature  peculiar  to  the  SDP2  MCrAlY  layer  was  the 
presence  of  a  population  of  chromium  rich  nodules  of  1 
micron  in  average  diameter  (see  Figure  6).  These 
constituents  appeared  black  in  back-scattered  electron 
imaging.  Examination  in  the  secondary  electron  emission 
mode  revealed  a  surface  relief  suggesting  that  these  nodules 
were  harder  than  the  matrix.  These  observations  point  to  the 
presence  of  chromium  carbides  (Cr7C3?,Cr23Cs?),  indication 
that  would  need  to  be  confirmed  using  X-Ray  diffraction. 


Figure  6:  SEM  secondary  electron  image  of  ceramic/bond 
coat  interface  for  RT31/RT33  (a)  and  SDP2/KDP1  (b) 


A  close  examination  of  the  ceramic/bond  coat  interface 
reveals  that  the  alumina  film  developed  on  the  SDP2  bond 
coat  is  continuous  and  thinner  than  that  developed  on  RT31 
(see  Figure  6).  For  the  latter,  alumina  seems  to  only  have 
formed  at  the  interface  with  the  y  phase  i.e.  no  alumina  could 
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be  identified  at  the  YSZ/p-(Ni,Co)Al  phase  interface  using 
SEM. 

Right  underneath  the  alumina  film  formed  on  SDP2,  there 
exists  a  thin  (1.5  to  2pm)  and  very  fine  grained  MCrAlY  sub¬ 
layer  separated  from  the  bulk  of  tire  bond  coat  by  a  line  of 
alumina  inclusions  (see  Figure  7). 


Figure  7:  SEM  back-scattered  electron  image  of  as- 
deposited  ceramic/SDP2  interface  region 


Thermal  cycling  performance 

Figure  8  is  a  bar  chart  showing  thermal  cycles-to-failure  for 
the  SDP2/KDP 1  and  RT31/RT33  coatings  on  10mm  diameter 
bars  (unless  otherwise  stated). 

Coating  spallation  life  is  found  to  be  very  scattered  for  both 
systems.  There  appears  however  that,  under  the  specific 
testing  conditions  used  in  this  study,  the  SDP2/KDP1  coating 
overall  exhibits  a  superior  spallation  resistance  compared  to 
that  of  the  RT3 1/RT33  coating.  Mean,  low  and  high  thermal 
cyclic  lives  are  shown  in  the  table  below  for  comparison. 


RT31/RT33 

SDP2/KDP1 

Low 

19 

96 

Mean 

260 

460 

High 

710 

1081 

Ceramic  spallation  occurred  at  room  temperature.  In  most 
cases,  the  spallation  event  was  not  progressive  but  abrupt, 
with  typically  80%  of  the  ceramic  loss  occurring  at  once  from 
a  no  spall  situation.  One  exception  was  the  SDP2/KDP1 
specimen  that  was  stopped  after  1080  cycles.  This  specimen 
failed  via  the  occurrence  of  discrete  spalls  that  were 
dispersed  and  small  in  size  (no  bigger  than  2mm)  but  the 
number  of  which  increased  with  test  cycles. 

The  short  life  specimens  typically  exhibited  a  shiny  metallic 
surface  on  the  substrate  surface  where  the  ceramic  had 
spalled.  The  longer  the  lifetime  of  the  test  pieces  and  the 
more  grey  and  mat  this  surface  looked.  For  the  high  life 
specimens,  this  surface  appeared  covered  with  a  grey  film  of 
dust.  This  film  could  be  rubbed  off  with  the  finger  tip.  This 
pattern  was  generally  followed  by  both  the  RT31/RT33  and 
SDP2/KDP1  systems.  In  two  instances  with  the  SDP2/KDP1 
coating  (96  and  114  cycles),  the  ceramic  free  substrate 
surface  and  the  inner  side  of  the  ceramic  spalls  were 
blue/green  in  colour,  indicating  the  presence  of  nickel  and 
chromium  rich  oxides.  These  visual  observations  were 
followed  with  SEM  evaluation. 


Figure  8:  Thermal  cyclic  performance  of  RT31/RT33  and 
SDP2/KDP1  systems 


Characterization  of  as-tested  TBC  systems 
Micrographs  of  a  typical  low  life  (106  cycles)  RT31/RT33 
system  are  shown  in  Figure  9.  The  substrate  surface  was 
analysed  and  consisted  of  MCrAlY  with  small  isolated 
alumina  patches.  The  remnant  alumina  most  often  contained 
yttrium  rich  oxides  that  show  up  as  white  constituents  using 
atomic  contrast  imaging.  The  inner  side  of  the  ceramic  spall 
was  analysed  by  EDS  and  consisted  of  alumina  with  isolated 
yttrium  rich  oxide  phases.  The  alumina  grains  imprints  can 
be  recognised  on  the  bond  coat  surface.  These  observations 
demonstrate  that  ceramic  spallation  occurred  through  the 
propagation  of  a  crack  running  at  the  MCrAlY/alumina 
interface  breaking  off  the  yttrium  rich  alumina  protrusions. 

The  failure  morphology  of  low  life  SDP2/KDP1  coatings  was 
similar  to  that  described  above,  with  the  exception  that  no 
yttrium  rich  oxide  phases  seemed  to  have  formed.  In  FigurelO 
are  shown  micrographs  of  a  SDP2/KDP1  coating  failed  after 
96  cycles.  This  specimen  was  peculiar  in  that  a  continuous 
layer  of  (Ni,Cr,Al)  bearing  oxides,  presumably  spinels,  had 
formed  between  the  alumina  scale  and  the  ceramic.  This 
mixed  oxide  layer  that  appears  voided  in  cross  section 
(Figure  10b)  behaved  as  another  site  for  crack  propagation  in 
addition  to  the  MCrAlY/alumina  interface. 

In  Figure  11  are  presented  micrographs  of  the  RT31/RT33 
specimen  that  failed  after  710  cycles.  EDS  analysis  of  the 
inner  side  of  the  ceramic  spall  indicated  that  it  consisted 
predominantly  of  YSZ  ceramic.  Inversely,  the  substrate 
surface  side  consisted  mainly  of  aluminium  oxide,  implying 
that  cracking  had  occurred  at  the  ceramic/alumina  interface. 
The  respective  fractured  surfaces  reveal  a  comparable 
topography  consisting  of  equiaxed  spherical  grains  less  than  1 
micron  in  size.  Some  isolated  (Ni,Co,Cr,Al)  mixed  oxides 
were  also  observed  at  the  interface  between  the  ceramic  and 
alumina  scale  although  this  feature  remained  marginal. 

The  most  durable  SDP2/KDP1  specimen  (1080  cycles)  was 
assessed  on  a  polished  cross-section.  The  progressive  failure 
of  this  specimen  into  discrete  ceramic  spalls  did  not  make 
possible  to  look  at  freshly  spalled  surfaces.  It  can  be  seen  in 
Figure  12a  that  a  crack  is  running  predominantly  within  the 
outer  region  of  the  alumina  scale  with  some  excursions  into 
the  ceramic.  It  cannot  be  determined  whether  this  crack  is  the 
result  of  metallographic  preparation  or  whether  it  is  a 
genuine  defect  generated  from  the  cycling. 
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Figure  9:  SEM  back-scattered  electron  images  of  bond 
coat  surface  (a)  and  inner  side  of  ceramic  spalls  obtained 
from  a  low  life  RT31/RT33  system  (b) 


Figure  10:  SEM  back-scattered  electron  images  of  bond 
coat  surface  (a)  and  cross  section  of  a  low  life 
SDP2/KDP1  system  (b) 


Its  location  however  indicates  that  the  ceramic/alumina 
interface  region  is  the  weakest  link.  Some  isolated  nodules  of 
(Ni,Cr,Al)  mixed  oxides  were  also  found  to  have  formed 
between  the  alumina  scale  and  the  zirconia,  locally  lifting  off 
the  ceramic  coat  (see  Figure  12b).  The  formation  and  growth 
of  these  mixed  oxide  nodules  may  be  responsible  for  the 
discrete  ceramic  spalls  that  were  observed  on  this  specimen. 
The  alumina  scale  thickness  on  this  coating  after  1080  cycles 
was  measured  at  5.5  microns  which  is  to  be  compared  to  the 
7.5  microns  alumina  scale  developed  on  RT31/RT33  after 
710  cycles  (see  Figure  1 3). 

DISCUSSION 

As-deposited  thermal  barrier  coating  systems 

Ceramic  considerations 

The  difference  in  ceramic  morphologies  obtained  from  the 
RT33  and  the  KDP1  process  clearly  demonstrates  how 
sensitive  the  morphology  of  EB-PVD  deposits  can  be  to 
specific  deposition  conditions.  Morphology  is  classically 
affected  by  the  substrate  surface  roughness  l6J7,  substrate 
temperature  5'17,  deposition  rate  and  part  motion  pattern  in 
the  vapour  cloud  such  as  rotation  speed18.  No  major 
differences  exist  in  either  the  deposition  temperature  range  or 
the  bond  coat  surface  finish  between  the  two  processes  that 
could  account  for  this  effect.  The  part  motion  pattern  and  the 
vapour  cloud  distribution  inside  the  coating  chamber,  both 
very  dependent  on  the  coater  design,  are  however  very 
different.  These  parameters  are  therefore  potential 


contributors  to  the  difference  in  ceramic  morphology  that  is 
observed.  This  argument  must  be  put  in  perspective  with  the 
fact  that  Western  EB-PVD  TBC’s  deposited  either  from  a 
Leybold  or  a  Temescal  machine  are  very  similar  in 
morphology19  with  yet  massive  differences  in  the  coating 
chamber  configuration.  The  role  of  chamber  pressure  and 
deposition  rate  (higher  in  the  Western  process)  on 
morphology  should  not  be  ignored. 

Another  difference  in  ceramic  structure  was  found  in  the 
column  striation  which  is  significant  in  RT33  but  only 
marginal  in  KDP1 .  This  well-known  feature  is  usually  related 
to  rotation  of  the  work  piece  during  deposition20.  As  the  parts 
are  rotated  in  the  vapour  cloud,  the  surface  to  be  coated  sees 
alternate  regimes  of  high  deposition  rate  at  high  temperature 
when  facing  the  source  (brighter  lines)  to  low  deposition  rate 
at  lower  temperature  when  facing  away  from  it  (darker  lines). 
Lelait  et  al21  have  identified  using  transmission  electron 
microscopy  that  the  darker  lines  corresponded  to  aligned 
porosity  in  the  ceramic  columns.  Later,  a  ‘dynamic  sintering’ 
coating  growth  model  has  been  proposed  to  account  for  the 
presence  of  intra-columnar  porosity  in  EB-PVD  deposits17. 
This  model  was  developed  on  the  consideration  that  a  PVD 
deposit  builds  up  as  a  porous  atomic  network  and  that  this 
spontaneous  defectiveness  is  overcome  at  high  temperature 
by  diffusion  processes  resulting  in  an  array  of  micropores 
(coalesced  vacancies).  It  was  proposed  that  not  only  the 
ceramic  surface  temperature  played  a  role  in  the  rotation 
induced  striation  of  the  ceramic  columns  but  also  the  kinetic 
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energies  of  the  condensing  species  which  were  in  turn 
affected  by  gas  scattering  effects. 

It  may  be  understood  that  the  ceramic  striation  is  less 
pronounced  in  the  case  of  Russian  ceramics  if  one  considers 
that: 

•  the  ceramic  surface  temperature  does  not  fluctuate  with 
rotation  as  much  in  amplitude  as  in  the  Western  process 
since  the  part  temperature  relies  to  some  extent  on 
auxiliary  electron  beam  heating. 

•  when  the  surface  to  be  coated  faces  away  from  the  source, 
only  the  thermalised  fraction  and  back  scattered 
molecules  of  the  vapour  cloud  can  possibly  deposit.  In  the 
KDP1  process,  where  the  evaporation  takes  place  in  a 
vacuum  of  a  few  10"1  Torr,  the  surface  to  be  coated  hardly 
receive  any  coating  flux  when  facing  away  from  the 
source. 

Unlike  morphology,  the  phase  composition  was  found  to  be 
an  invariant  between  the  two  kinds  of  ceramic.  The  finding  of 
the  (t’)  phase  in  7YSZ  EB-PVD  deposits  was  first 
established  by  Lelait  et  al21  after  previous  authors  had 
concluded  to  the  presence  of  the  cubic  phase.  This  phase  is 
typically  obtained  from  quenching  the  cubic  phase  of  bulk 
Zr02-7wt%Y203  ceramic25.  It  is  also  found  in  plasma  sprayed 
Zr02-7wt%Y2C>3  deposits  due  to  the  rapid  solidification 
nature  of  this  process.  The  formation  of  the  (T)  phase  in  EB- 
PVD  deposits  can  be  explained  from  the  fact  that  the  yttrium 
and  zirconium  oxide  molecules  condense  randomly  at  a 
relative  temperature  T/Tm  of  0.4  approximately  (where  T  and 
Tm  are  the  absolute  surface  temperature  and  melting  point  of 
zirconia  respectively).  In  this  temperature  regime,  cation 
diffusion  is  too  sluggish  to  allow  for  the  yttrium  to 
redistribute  into  the  yttrium  rich  cubic  phase  and  the  low 
yttrium  content  transformable  tetragonal  phase.  Given  that 
the  RT33  and  KDP1  processes  involve  a  same  ceramic 
composition  (zirconia  alloyed  with  7wt%yttria)  and  a  low 
deposition  temperature  relatively  to  the  melting  point  of 
zirconia,  one  could  expect  the  formation  of  (t’)  phase  in  both 
ceramic  deposits. 

The  RT33  ceramic  deposits  exhibited  a  preferred  (200) 
orientation  that  was  much  more  pronounced  than  in  the  case 
of  KDP1.  A  zirconia  condensate  with  a  (200)  texture  builds 
up  with  atomic  layers  in  the  coating  plane  that  consist 
exclusively  of  oxygen  atoms.  It  may  therefore  be  argued  that 
the  richer  oxygen  environment  characteristic  of  the  RT33 
process  will  favour  the  (200)  growth  orientation  compared  to 
a  deposition  process  carried  out  in  vacuum. 

Bond  coat  considerations 

MCrAlY  bond  coats  are  classically  described  as  consisting  of 
P-(Ni,Co)Al  precipitates  in  a  solid  solution  of  y-(Ni,Co)CrAl. 
Both  RT31  and  SDP2  bond  coats  fit  this  pattern.  Some 
differences  were  found  relative  to  the  presence  of  a  third 
population  of  constituents  identified  as  yttrium  rich 
precipitates  in  the  former  and  presumed  chromium  carbides 
in  the  latter.  These  differences  most  probably  reflect  different 
bond  coat  processing  histories  involving  work  hardening  and 
heat  treatment  steps.  Some  deviation  from  the  nominal 
composition  was  noticed  in  the  chromium  content  of  the 
SDP2  bond  coat.  This  deficiency  of  a  bond  coat  applied  on  an 
otherwise  chromium  rich  substrate,  may  be  partly  attributed 
to  chromium  evaporation  during  the  vacuum  heat  treatments 
at  1050°C  that  preceded  ceramic  deposition. 


Figure  11:  SEM  secondary  and  back-scattered  electron 
images  of  bond  coat  surface  (a)  and  inner  side  of  ceramic 
spalls  (b)  obtained  from  a  high  life  RT31/RT33  system 


The  most  peculiar  feature  that  distinguishes  the  SDP2  bond 
coat  from  RT31  is  the  presence  of  a  fine  grained  MCrAlY 
sublayer  adjacent  to  the  ceramic  coat.  This  thin  layer 
originates  from  the  evaporation  of  a  flash  of  MCrAlY  on  top 
of  the  already  mechanically  prepared  and  heat  treated  bond 
coat  surface.  The  Russian  art  is  such  that,  for  each  ceramic 
deposition  run,  the  evaporation  of  MCrAlY  for  tens  of 
seconds  precedes  the  onset  of  ceramic  evaporation.  This 
philosophy  probably  is  meant  to  deposit  the  ceramic  layer  on 
a  fresh,  reactive  and  contaminant  free  surface. 

The  nature  of  the  bond  coat  metal  surface  is  of  prime 
importance  as  it  controls  the  nucleation  and  growth  of  the 
oxide  film  that  acts  as  the  glue  of  the  ceramic  layer. 
Evidence  was  shown  that  this  native  oxide  was  different  (in 
thickness  and  continuity  at  least)  whether  it  was  formed  at 
the  RT3 1/RT33  or  SDP2/KDP1  interface. 

The  interfacial  oxide  film  may  form  as  a  result  of  one  or  a 
combination  of  mechanisms  such  as: 

1.  ex-situ  bond  coat  oxidation  prior  to  the  ceramic 
deposition  step.  In  both  the  Western  and  Russian 
manufacturing  processes,  the  bond  coat  metal  surface  is 
mechanically  prepared  in  a  way  that  is  prone  to  removing 
any  oxide  scale  formed  during  a  prior  heat  treatment.  It  is 
therefore  unlikely  that  the  interfacial  alumina  observed 
originates  from  ex-situ  oxidation. 
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2.  in-situ  bond  coat  oxidation  during  the  transient  pre-heat 
stage  in  vacuum. 

3.  in-situ  bond  coat  oxidation  during  the  transit  from  the 
pre-heat  chamber  to  the  deposition  chamber  in  a  partial 
pressure  of  oxygen,  this  mechanism  standing  for  the 
Western  type  coating  process. 

4.  in-situ  bond  coat  oxidation  during  ceramic  deposition. 
Bearing  in  mind  that  the  ceramic  is  porous  and  that 
oxygen  diffusivity  in  YSZ  ceramics  is  significant23  above 
900°C,  oxygen  can  be  conducted  to  the  aluminium 
bearing  bond  coat  metal  through  the  ceramic  coating  and 
fuel  alumina  growth. 

5.  ex-situ  bond  coat  oxidation  post  ceramic  deposition 
during  heat  treatments  at  1050°-]  100°C  for  times  up  to  4 
hours.  Beside  oxidation  from  the  residual  oxygen  present 
in  a  vacuum  of  10'4  Torr,  it  is  suggested  that  the  reservoir 
of  oxygen  contained  in  the  YSZ  ceramic  participates  to 
some  degree  to  bond  coat  oxidation.  This  suggestion 
follows  the  observation  that  white  zirconia  deposits 
typically  darken  out  after  a  4  hour  heat  treatment  at 
1080°C  in  a  partial  pressure  of  argon,  implying  the  loss  of 
oxygen  from  the  ceramic. 

None  of  the  mechanisms  2  to  5  proposed  above  appears  to 
have  activated  the  oxidation  of  the  RT3 1  bond  coat  p  phase. 
This  observation  is  somewhat  in  contradiction  with  a 
previous  result  reported  by  Leyens  et  al24  who  studied  the 
effect  of  various  pre-oxidation  treatments  of  NiCoCrAlY 
bond  coats.  It  was  found  that  mainly  the  P  phase  was  covered 
with  oxides  after  a  4  hour  vacuum  heat  treatment  at  1080°C. 

To  account  for  the  preferential  oxidation  of  the  bond  coat 
gamma  phase  in  RT31/RT33,  it  is  proposed  that  the 
chromium  rich  y  phase  readily  forms  chromia  nuclei  during 
the  transient  heat  up  stage.  These  nuclei  would  act  as 
nucleation  sites26  and  subsequent  growth  of  alumina  at  a 
working  oxygen  partial  pressure  that  is  insufficient  to 
nucleate  alumina  on  the  p  phase. 

It  is  interesting  to  note  that  the  Russian  process  produces  a 
continuous  film  of  alumina  between’  ceramic  and  bond  coat 
metal  whereas  the  Western  process  fails  to  form  a  continuous 
film,  as-deposited,  in  spite  of  the  oxygen  bleed  inside  the 
deposition  chamber. 

One  could  argue  that,  prior  to  ceramic  deposition,  the  flash  of 
evaporated  MCrAlY  consists  mainly  of  the  y  solid  solution 
since  the  time  at  temperature  is  too  short  to  allow  for 
extensive  growth  of  p  precipitates.  The  low  p  phase  content 
at  the  time  bond  coat  oxidation  is  initiated  could  be  one 
argument  to  explain  why  the  alumina  film  is  continuous 
between  KDP1  and  SDP2.  Moreover,  the  fine  grain  size  of 
this  MCrAlY  sub-layer  should  promote  the  formation  of  a 
high  density  of  chromia  nuclei.  This  would  further  help  the 
alumina  film  to  cover  the  whole  metal  surface.  Finally,  the 
role  of  electron  beam  irradiation  on  the  bond  coat  oxidation 
in  the  KDP1  process  should  not  be  overlooked.  Electron 
bombardment  is  known  to  activate  chemical  reactions  which 
would  otherwise  not  take  place  under  thermodynamic 
equilibrium  conditions. 


Figure  12:  SEM  back-scattered  and  secondary  electron 
cross-section  images  of  SDP2/KDP1  after  1080  cycles 


Figure  13:  SEM  back-scattered  electron  cross-section 
image  of  RT31/RT33  failed  after  710  cycles. 


Thermal  cycling  performance 

EB-PVD  TOC’s  have  long  been  described  as  failing  at  the 
interface  between  the  TGO  (thermally  grown  oxide)  and  the 
bond  coat  metal25.  It  was  shown  in  this  work  that  a  same 
nominal  thermal  barrier  coating  system  could  exhibit 
different  spallation  mechanisms  ranging  from  a  lack  of 
adhesion  at  the  alumina/bond  coat  metal  to  failure  at  the 
ceramic/TGO  interface.  Adhesive  failure  at  the  bond  coat 
metal/TGO  interface  was  synonymous  of  short  cyclic  lives  for 
both  the  RT31/RT33  and  SDP2/KDP1  systems.  Whenever 
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the  metal/oxide  adhesion  was  good,  TBC  spallation  life 
seemed  to  be  controlled  by  the  integrity  of  the  ceramic/TGO 
interface.  Failure  at  this  interface  could  be  the  result  of  the 
formation  of  unprotective  (Ni,Cr,Al)  mixed  oxides  between 
the  alumina  scale  and  the  ceramic  coat  as  seen  in  the  case  of 
SDP2/KDP1.  The  growth  of  spinels  at  the  YSZ/TGO 
interface  implies  the  transport  of  Ni  and  Cr  cations  through 
the  alumina  scale.  This  could  be  explained  by  the  formation 
of  local  through-cracks  of  the  scale.  No  such  cracks  were 
however  identified.  Even  in  the  absence  of  mixed  oxide 
formation,  the  YSZ/alumina  bond  in  the  RT31/RT33  system 
seemed  to  deteriorate  upon  thermal  ageing  (see  Figure  11). 
How  the  integrity  of  the  YSZ/alumina  interface  evolves  with 
time  at  temperature  is  an  issue  that  may  depend  both  on  the 
alumina  growth  mechanism  and  ceramic  sintering 
mechanisms. 

MCrAlY  coatings  are  known  to  exhibit  parabolic  oxidation 
kinetics.  The  scale  thickness  was  measured  on  micrographs 
from  the  long  life  RT31/RT33  and  SDP2/KDP1  systems  such 
as  those  in  Figures  12  and  13.  Neglecting  the  transient 
oxidation  on  heating  and  cooling,  estimated  parabolic  rate 
constants  at  1100°C  (in  g2/cm4s)  were  determined  based  on 
scale  thickness  considerations: 


System 

Number 
of  cycles 

MBSS!! 

KP 

(g2/cm4s) 

RT31/RT33 

710 

7,5 

EEE1M 

SDP2/KDP1 

1080 

5,5 

These  values  are  consistent  with  published  data  on  parabolic 
rate  constants  of  bare  alumina  forming  alloys27. 

In  the  absence  of  a  fine  microstructural  characterization  of  the 
scales,  it  is  difficult  to  account  for  this  difference  in  oxidation 
kinetics.  It  is  tempting  though  to  try  to  correlate  the  higher 
oxidation  kinetics  of  the  RT3 1  bond  coat  to  the  presence  of 
yttrium  rich  oxide  phases  within  the  alumina  scale.  The 
oxygen  diffusivity  of  yttrium  oxides  is  much  higher  than  that 
of  pure  alumina.  These  yttrium  rich  oxides  thus  may  act  as 
fast  oxygen  diffusion  paths  through  the  scale  to  the  bond 
coat/oxide  interface  and  create  as  many  fast  growing 
oxidation  fronts. 

Bond  coat  oxidation  kinetics  is  one  argument  to  account  for 
the  superior  spallation  resistance  of  the  SDP2/KDP1  system 
over  RT31/RT33.  The  compressive  stress  within  the  oxide 
scale  is  maximum  at  room  temperature.  It  results  both  from 
the  thermal  expansion  mismatch  between  oxide  and  bond 
coat  metal  in  addition  to  growth  stresses.  Both  kinds  of 
stresses  increase  with  scale  thickness.  Moreover,  under  a 
given  stress  state,  the  probability  for  the  scale  to  contain  a 
critical  flaw  size  also  increases  with  scale  thickness. 

Whether  the  difference  observed  in  ceramic  morphology  will 
also  affect  the  spallation  resistance  of  TBC’s  is  a  complicated 
issue.  XRD  patterns  at  room  temperature  suggest  from  the 
absence  of  peak  shifts  that  EB-PVD  ceramic  layers  contain 
negligible  residual  stresses  (no  more  than  a  few  hundred 
MPa).  In  another  study28,  the  low  residual  stress  level  in  as- 
deposited  EB-PVD  ceramics  was  verified  within  the  coating 
depth  by  polishing  the  ceramic  layer. 


Figure  14:  SEM  back-scattered  cross-section  images  of 
RT33  deposited  on  a  LPPS  MCrAlY  bond  coat  after  1071 
cycles  (a)  and  KDP1  after  1080  cycles  (b) 


The  ceramic  morphology  however  evolves  dramatically  with 
ageing  (see  Figure  14  to  be  compared  with  Figure  4,  both  sets 
of  pictures  taken  at  50  micron  height  from  the  bond  coat). 
After  more  than  1000  cycles  at  1 100°C,  sintering  mechanisms 
have  resulted  in  the  columns  branching  up  and  microwelding 
together.  The  columnar  structure  is  effectively  partly  lost. 
Some  loss  of  ceramic  compliance  could  be  expected  from  this 
structural  change  potentially  adding  more  stress  to  the  TGO. 
This  effect  combined  with  a  potential  strength  reduction  of 
the  ceramic/TGO  interface  with  ageing  may  be  responsible 
for  the  crack  propagation  within  the  region  of  this  interface 
after  long  exposures.  How  the  ceramic  deposition  process 
affects  the  integrity  and  stability  of  this  interface  is  an  open 
question. 

CONCLUSIONS 

•  Western  and  Eastern  type  TBC  systems  exhibit  different 
ceramic  morphologies  and  TGO  films. 

•  Thermal  cyclic  lives  were  found  to  be  very  scattered  for 
both  SDP2/KDP1  and  RT31/RT33. 

•  Short  lives  were  synonymous  of  lack  of  adhesion  between 
TGO  and  bond  coat  metal. 

•  High  life  specimens  failed  in  the  ceramic/TGO  interface 
region. 

•  The  SDP2/KDP1  exhibited  overall  superior  spallation 
resistance  and  this  could  be  correlated  to  lower  bond  coat 
oxidation  kinetics  than  in  the  RT31/RT33  system. 
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Summary 

Thermal  barrier  coatings  (TBCs)  are  increasingly 
applied  to  hot  components  in  gas  turbines.  Contrary 
to  plasma  spraying,  the  electron-beam  physical  va¬ 
pour  deposition  (EB-PVD)  process  offers  the  oppor¬ 
tunity  to  generate  coatings  having  a  unique  columnar 
microstructure.  The  main  advantage  of  this  structure 
is  its  superior  tolerance  against  straining  and  ther¬ 
moshock,  thus  giving  it  a  major  edge  in  lifetime.  Fur¬ 
thermore,  cooling  hole  closure  will  be  prevented  and 
the  aerodynamic  design  of  the  blades  will  be  main¬ 
tained. 

This  paper  will  outline  the  advantages  of  EB-PVD  for 
the  production  of  TBCs  on  rotating  gas  turbine  com¬ 
ponents  like  blades  and  vanes.  The  effect  of  EB- 
PVD  processing  parameters  on  the  microstructural 
evolution  and  respective  lifetimes  of  partially  yttria 
stabilised  zirconia  (PYSZ)  TBCs  will  highlight  the 
potential  of  the  evaporation  process.  Alternative 
stabilisers  like  Ce  and  La  are  looked  at  in  terms  of 
increase  of  application  temperatures  as  well  as  life 
extention  of  the  blades.  An  extended  structural  zone 
diagram  for  PVD  is  proposed  incorporating  the  influ¬ 
ence  of  substrate  rotation  on  microstructural  evolu¬ 
tion.  Finally,  the  limits  of  evaporation  processing  will 
be  stressed. 


1.  INTRODUCTION 

There  is  no  single  parameter  to  verify  the  competi¬ 
tiveness  of  an  aircraft.  However,  it  is  commonly  ac¬ 
cepted  that  direct  operating  cost  (DOC)  is  a  useful 
indication  of  the  potential  of  a  given  type  of  aircraft,  if 
a  new  aircraft  is  introduced  it  has  to  show  significant 
DOC  benefits  of  at  least  5  to  10%  compared  to  the 
aircraft  currently  in  service  to  make  it  an  attractive 
proposition  to  an  airline.  For  an  aero  engine  manu¬ 
facturer  the  DOC  is  primarily  reduced  by  control  of 
fuel  costs  through  weight  savings,  drag  reduction  and 
specific  fuel  consumption.  For  a  new  engine  a  realis¬ 
tic  picture  would  call  for  a  2-3%  improvement  in  spe¬ 
cific  fuel  consumption  and  for  about  5%  in  weight 
reductions  [1]. 

Apart  from  specific  fuel  consumption,  the  thrust  of  an 


engine  is  another  design  criterion,  more  precisely  the 
specific  thrust  as  expressed  in  the  thrust-to-weight 
ratio.  Both,  specific  fuel  consumption  and  thrust-to- 
weight  ratio  have  been  significantly  improved  over 
the  years  accomplished  through  increased  operating 
temperatures  as  well  as  improved  structural  effi¬ 
ciency  [2],  It  is  very  obvious  that  here  advanced  ma¬ 
terials  play  a  major  role.  In  fact,  modern  aero  engines 
represent  some  of  the  most  demanding  and  sophisti¬ 
cated  applications  for  structural  materials  in  any 
engineering  system  manufactured  today.  This  has 
been  manifested  by  the  steady  increase  in  sen/ice 
temperature,  product  reliability  and  usage  of  light¬ 
weight  materials  [2]. 

But  engines  need  not  to  be  only  reliable,  economical 
on  fuel  and  profitable,  they  also  have  to  be  environ¬ 
mentally  acceptable.  In  terms  of  emission  nitrogen 
oxides  and  carbon  dioxide  are  of  prime  concern.  NOx 
is  particularly  a  problem  since  emission  increases 
with  increasing  pressure  ratio  and  process  tempera¬ 
ture  -  both  are  obvious  ways  to  increase  engine  per¬ 
formance. 

Blades  and  vanes  of  the  high  pressure  turbine  sec¬ 
tion  of  aero  engines  are  among  the  most  highly 
stressed  parts  in  engineering  components.  Internally 
cooled  aerofoils  of  state-of-the-art  Ni-base  superal¬ 
loys  operate  at  temperatures  of  about  1000°C  with 
short-term  peaks  yielding  even  1 100°C  which  is  close 
to  90%  of  the  alloys'  melting  points.  These  tempera¬ 
tures  are  maintained  in  service  due  to  a  highly  so¬ 
phisticated  cooling  technology  by  which  however 
thermal  energy  is  withdrawn  from  the  aerofoils  in  the 
order  of  1  MW/m2  thus  reducing  the  overall  fuel  effi¬ 
ciency  of  the  engine.  The  necessity  of  a  close  control 
of  materials  temperatures  can  be  expressed  by  the 
simple  rule  that  blade  life  on  creep  is  halved  for  every 
10  to  15°C  increase  in  temperature  [3]. 

But  further  increases  in  thrust-to-weight  ratio  of  ad¬ 
vanced  aero  engines  will  require  even  higher  gas 
turbine  inlet  temperatures.  Figure  1  shows  how  these 
temperatures  have  increased  over  the  years.  Today 
turbine  inlet  temperatures  exceed  1400°C  while 
1760°C  are  aimed  at  within  the  next  twenty  years. 
There  is  no  doubt  that  this  ambitious  goal  can  only  be 
met  by  usage  of  uneconomically  extensive  cooling 
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techniques  or  by  advanced  high  temperature  materi¬ 
als  [4]  and  in  particular  through  the  introduction  of 
electron-beam  physical  vapour  deposition  (EB-PVD) 
thermal  barrier  coatings  (TBCs)  [5], 


Figure  1 :  Increase  of  turbine  inlet  temperature  of 
aircraft  gas  turbine  engines  [2] 


2.  THERMAL  BARRIER  COATINGS 

TBCs  consist  of  thin  ceramic  layers  of  low  thermal 
conductivity  -  typically  partially  stabilised  zirconia  - 
which  are  applied  on  aerofoil  surfaces  that  just  have 
a  metallic  corrosion  resistant  coating.  The  coating 
imparts  good  adhesion  of  the  ceramic  to  the  sub¬ 
strate.  Application  of  the  TBCs  enables  increasing 
engine  performance/thrust  by  either  increasing  the 
gas  temperature  or  reducing  the  cooling  airflow. 
Alternatively  the  lifetime  of  the  turbine  blades  can  be 
extended  by  decreasing  metal  temperatures  as  sche¬ 
matically  outlined  in  Figure  2  [6,  7]. 


Figure  2:  TBCs  allow  increased  engine  performance 
and/or  life  extension 


3.  HISTORIC  DEVELOPMENTS  IN  TBCS 

Since  the  early  sixties  PS  (plasma  sprayed)  catcia- 
and  magnesia-stabilised  zirconia  TBCs  have  been 
used  extensively  as  ceramic  top  coat  on  combustion 
chamber  walls  and  on  burner  cans  to  prolong  their 


lives  by  avoiding  hot  spot  formation  and  subsequent 
failure  by  thermal  fatigue.  These  materials  were 
broadly  accepted  for  20  years  until  their  replacement 
by  PYSZ  (partially  yttria-stabilised  zirconia)  coatings 
was  initiated.  The  APS  (air-plasma  sprayed)  PYSZ 
TBCs  offer  outstanding  mechanical,  chemical  and 
thermal  properties.  Two  generations  of  high  tem¬ 
perature  (>1000°C)  TBCs  were  based  on  these 
unique  ceramics  (generation  I  is  APS  MCrAlY  /  APS 
PYSZ  and  generation  II  is  LPPS  (low-pressure 
plasma  sprayed)  MCrAlY  /  APS  PYSZ)  which  allowed 
in  the  early  eighties  to  introduce  TBCs  on  highly 
thermally  loaded  parts  like  vane  platforms  and  vane 
airfoils.  The  need  for  higher  operating  temperatures 
in  turbines,  however,  inspired  material  scientists  for 
half  a  decade  to  search  for  TBCs  which  could  also  be 
applied  on  blade  platforms  and  airfoils  which  are 
subjected  to  high  thermal  and  additional  mechanical 
loads. 

Here  the  electron-beam  physical  vapour  deposition 
(EB-PVD)  technology  offered  the  opportunity  to  gen¬ 
erate  TBCs  with  vastly  superior  strain  tolerance.  This 
is  due  to  their  specific  coating  structure  which  grows 
from  the  vapour  phase  in  a  columnar  form  with  indi¬ 
vidual  ceramic  columns  being  weakly  bonded  to  their 
neighbour  columns  as  e.g.  shown  in  Figures  8a  or 
13. 

Coating  all  these  high  performance  parts  with  reliable 
TBCs  would  allow  to  alter  the  initial  component  de¬ 
sign  and  to  operate  the  TBC  bearing  components 
with  the  coatings  as  an  integral  part  of  them.  The 
exploitation  of  strain-tolerant  TBCs  initiated  a  renais¬ 
sance  of  industrial  EB-PVD  technology  in  1987  which 
until  then  had  been  utilised  for  deposition  of  metallic 
MCrAIY-type  coatings  for  20  years.  The  novel  EB- 
PVD  PYSZ  ceramic  layers  with  advanced  LPPS 
MCrAlY  bond  coat,  designated  now  as  generation  III 
TBC,  offered  a  roughly  3  times  improvement  in  blade 
life  or  a  surface  temperature  increase  on  the  hot 
sections  of  airfoils  of  approximately  1 50K. 


4.  PROCESSING  OF  TBCS 

Plasma-sprayed  (PS)  TBCs  have  been  widely  ap¬ 
plied  to  hot  components  like  burner  cans  since  the 
sixties  while  in  recent  applications  to  more  preten¬ 
tious  parts  like  turbine  blades  EB-PVD  technology  is 
favoured.  Contrary  to  plasma  spraying,  EB-PVD 
processing  offers  the  opportunity  to  generate  coat¬ 
ings  having  a  unique  columnar  microstructure  with  2 
to  25  pm  in  diameter.  The  main  advantage  of  this 
structure  is  its  superior  tolerance  against  straining 
and  thermoshock,  thus  giving  it  a  major  edge  in  life¬ 
time  [8],  Furthermore,  cooling  hole  closure  will  be 
prevented  and  aerodynamic  design  of  the  blades  is 
maintained.  In  Table  1  the  two  processing  methods 
are  compared  as  far  as  thermal  barriers  for  turbine 
blades  are  concerned. 

During  EB-PVD  processing  a  high  energy  electron 
beam  melts  and  evaporates  a  ceramic  source  ingot  in 
a  vacuum  chamber.  Ingots  are  bottom  fed  into  the 
crucibles  during  evaporation  to  ensure  continuous 
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TBC  growth.  To  achieve  defined  stoichiometry  of  the 
zirconia  a  controlled  amount  of  oxygen  is  bled  into 
the  deposition  chamber.  Preheated  substrates  are 
positioned  in  the  vapour  cloud  above  where  the  va¬ 
pour  is  deposited  on  substrates  at  deposition  rates  of 
100  to  250  nm/s  [9],  Typical  columnar  microstruc¬ 
tures  and  aerodynamically  smooth  surfaces  are  ob¬ 
tained  without  the  need  for  final  polishing  or  condi¬ 
tioning  of  cooling  holes.  Due  to  the  columnar  micro¬ 
structure  the  life  time  of  the  TBCs  is  prolonged  and 
the  damage  tolerance  improved.  Typical  characteris¬ 
tics  and  major  advantages  of  thermally  sprayed  and 
on-evaporated  TBCs  are  schematically  outlined  in 
Figure  3  [10].  Figure  4  shows  a  selection  of  EB-PVD 
TBCs  on  aero  engine  and  stationary  gas  turbine 
blades  produced  at  DLR  on  semi-commercial  single¬ 
source  60kW  Leybold  and  dual-source  150kW  von 
Ardenne  EB-PVD  coaters. 


Table  1:  Plasma  sprayed  (PS)  versus  on-evaporated 
(EB-PVD)  TBCs _ 


PS 

EB-PVD 

Surface  Finish 

good  but  extra  polish 

excellent 

Bond  Coat  Roughness 

grit  blasted 

smooth 

Bonding  Mechanism 

mechanical 

chemical 

Alloy  Flexibility 

high 

limited 

Typical  Thickness 

0.2-3mm 

0.1  -0.3mm 

poor 

excellent 

Coating  Source 

movable 

fixed 

Large  Parts  predicable 

favourable 

costly 

Parts  per  Charge 

1 

1-10 

Investment  Costs  (%) 

100 

100-400 

PS 


EB-PVD 


•  horizontal  splat  structure 

•  0.2-3  mm  coating  thickness 

•  mechanical  bonding  / 

rough  BC  surface 
+  flexible  coating  chemistry 
+  low  initial  thermal  conductivity 
in  coating  thickness  direction 


•  columnar  coating  structure 

•  0.1 -0.3  mm  coating  thickness 

•  chemical  bonding  / 

smooth  BC  surface 
+  smooth  coating  surface 
+  low  E  in  coating  plane 
+  cooling  holes  stay  open 
+  improved  life  time 
+  superior  erosion  resistance 


Figure  3:  A  simplified  comparison  of  properties  for 
plasma  sprayed  (PS)  and  evaporated  (EB-PVD) 
TBCs  (schematic) 


5.  FAILURE  MECHANISMS  AND  PREVENTION 


Pertinent  usage  of  TBCs  as  a  reliable  component  or 
future  TBC  applications  as  integral  design  elements 
of  highly  loaded  engine  parts  need  a  more  compre¬ 
hensive  understanding  of  the  failure  mechanisms  of 


the  coating  systems.  Failure  in  TBC  systems  almost 
always  occurs  by  TBC  spallation  due  to  stresses  in 
the  ceramic  or  in  the  bond  coat.  But  failure  of  EB- 
PVD  processed  TBCs  happens,  unlike  those  for  PS 
based  TBCs,  at  the  ceramic  -  bond  coat  interface. 
There  is  a  thermally  grown  oxide  (TGO)  of  a  few  pm 
in  thickness  which  plays  a  key  role  in  the  adhesion  of 
EB-PVD  TBCs  since  it  is  considered  to  be  the  weak 
link  in  the  system.  Its  strength  and  adhesion  to  the 
bond  coat  governs  the  true  location  of  failure  whether 
first  cracks  will  propagate  within  or  along  the  TGO  - 
bond  coat  interface.  Here  spallation  is  initiated  by 
accommodation  of  stresses  surmounting  a  critical 
value. 


Figure  4:  EB-PVD  TBCs  on  turbine  blades  for  use  in 
stationary  gas  turbines,  civil  aero  engines  and  heli¬ 
copter  engines  (decreasing  in  size) 


A  way  to  minimise  misfit  stresses  in  TBC  systems  is 
to  reduce  the  growth  rate  of  TGOs.  The  early  overlay 
bond  coatings  which  were  EB-PVD  MCrAIYs  were 
followed  by  PS  MCrAlY  families.  Advanced  MCrAIYs 
contain  additional  elements  like  Si  and/or  Ta,  Hf  for 
providing  lower  scaling  rates  and  better  hot  corrosion 
resistance.  These  coatings  with  low  vapour  pressure 
elements  (mostly  refractory  elements)  are  more  eas¬ 
ily  deposited  by  LPPS  techniques.  TGOs  grow  more 
slowly  and  thus  effectively  prolong  the  lifetime  of  the 
TBCs  on  them. 

Another  route  to  minimise  misfit  stresses  and  im¬ 
prove  spallation  resistance  is  to  make  the  bond 
coatings  more  creep  resistant  which  will  bring  more 
stability  to  the  TBC  root  area  on  thermomechanical 
cycling.  This  change  in  mechanical  characteristics  is 
successfully  done  in  recent  LPPS  MCrAlY  overlay 
coats  by  converting  the  former  y/p  phase  structure 
into  a  y/'/  structure  by  appropriate  alloying.  Due  to  the 
introduction  of  a  significant  portion  of  refractory  ele- 


9-4 


merits  the  modified  high  creep  resistance  phase 
structure  offers  further  benefits  which  refer  to  a  low 
diffusivity  and  a  reduced  coefficient  of  thermal  ex¬ 
pansion  (CTE).  The  latter  property  is  of  uppermost 
importance  for  the  amount  of  residual  stresses  ac¬ 
cumulating  in  the  TGO  layer.  They  can  be  reduced  if 
the  differences  between  the  CTEs  of  the  respective 
ceramic  and  metallic  partners  of  the  whole  system 
are  minimised. 

Finally  the  involvement  of  superalloy  substrates  in 
the  interplay  of  the  physical  properties  of  the  respec¬ 
tive  material  components  and  their  influence  on  the 
compositional  behaviour  of  TBC  systems  has  to  be 
addressed.  Ni-base  superalloys  have  gained  a  high 
degree  of  technical  maturity  in  the  early  nineties. 
They  have  passed  a  lot  of  development  stages,  e.  g. 
hardening  by  precipitated  y  phases,  extensive  solid 
solution  strengthening,  directional  solidification  and 
finally  single  crystals  to  trust  in  more  creep-resistant 
crystal  orientations  and  continuous  grain  structures 
[11].  The  most  creep-resistant  crystal  orientation 
(001),  however,  provides  the  least  Young's  modulus 
of  only  1 20  MPa.  Obviously  it  is  a  drawback  for  the 
adhesion  of  TBCs  as  thin-walled  airfoils  can  be  bent 
more  rigorously  under  same  loads  in  service  than  the 
conventionally  cast  counterparts.  Three  generations 
of  single  crystal  superalloy  development,  however, 
resulted  in  a  reduction  of  the  CTE  which  compares 
with  the  recent  low  expansion  bond  coats. 


6.  SURFACE  TRAETMENT/ROUGHNESS 

Another  key  issue  for  utilising  the  full  potential  of 
TBCs  is  their  surface  finish.  Increasing  roughness 
results  in  higher  aerodynamic  losses  as  well  as  in¬ 
creased  heat  transfer  to  the  airfoil  [12],  It  also  has  an 
impact  on  TBC  adherence.  So  the  roughness  of  the 
TBCs  needs  to  be  closely  controlled. 

The  processing  steps  before  TBC  deposition  are 
essential  for  attaining  the  targeted  surface  charac¬ 
teristics  of  the  final  surface.  For  EB-PVD  TBCs  the 
bond  coats  have  to  have  a  finish  on  mechanical  sur¬ 
facing  better  than  1  to  1.5  pm  Ra.  Identical  pilot  sam¬ 
ple  parts  are  attached  with  thermocouples  at  repre¬ 
sentative  locations  in  order  to  have  a  means  to  cal¬ 
culate  in  analogy  the  temperature  distribution  over 
time  within  real  parts  during  a  real  deposition  process 
as  closely  as  possible.  Optimal  T-t  histories  for  the 
thermal  cycle  during  preheating  and  TBC  deposition 
have  to  be  assured.  The  TBC  deposition  must  be 
performed  within  an  operating  window  which  takes 
care  of  a  number  of  parameters,  the  most  important 
of  which  are  [1 3] 

component  temperature  during  coating 
pressure  in  the  coating  chamber 
oxygen  partial  pressure  in  the  coating  chamber 
part  rotation  rate  during  coating. 

The  final  coating  will  then  have  a  1  to  1 .5  pm  Ra 
roughness  [14].  Further  reductions  of  roughness  may 
be  advantageous. 


7.  INFLUENCE  OF  STABILISERS  ON  TBC 
PERFORMANCE 

Partially  yttria-stabilised  zirconia  (PYSZ)  is  the  cur¬ 
rent  state-of-the-art  material  for  TBCs.  Unfortunately, 
the  material  shows  insufficient  phase  stability  and 
accelerated  sintering  at  temperatures  above  1200°C. 
Therefore,  further  increases  of  gas  inlet  temperature 
require  alternative  stabilisers  with  improved  phase 
stability.  Another  argument  for  new  stabilisers  in 
zirconia  or  for  completely  new  ceramics  is  the  insuffi¬ 
cient  resistance  of  current  TBCs  against  chemical 
attack  by  pollutants  in  the  combustion  gas.  Hot  cor¬ 
rosive  decay  of  TBCs  by  Na2S04  and  vanadates  are 
reported  which  involves  leaching  out  of  stabilisers 
from  parent  zirconia.  The  degradation  occurs  by 
transformation  of  high  temperature  phases  to  mono¬ 
clinic  zirconia  on  cooling.  This  failure  mode  may  be 
found  mainly  in  heavy  duty  engines  and  off-shore 
service  [15], 

One  alternative  stabiliser  for  zirconia  is  Ce02-  The 
benefits  of  ceria-stabilized  (CeSZ)  TBCs  are  good 
corrosion  resistance  [16-17]  and  excellent  phase 
stability  at  high  temperature  [18],  Furthermore,  the 
thermal  conductivity  is  found  to  be  lower  than  for 
PYSZ  and  some  benefits  for  lifetime  and  thermocyclic 
resistance  are  reported,  too.  La203  is  another  candi¬ 
date  for  replacing  Y2O3  in  zirconia. 

To  get  more  insight  into  single-source  EB-PVD  proc¬ 
essing  of  new  compositions  for  TBCs  a  feasibility 
study  was  performed  on  four  differently  stabilised 
zirconias  (Table  2)  using  identical  substrate  alloys 
and  EB-PVD  NiCoCrAlY  bond  coat  compositions  [19]. 


Table  2:  Differently  stabilised  zirconias  investigated 


ZrO?  + 

PYSZ 

6.5  wt%  Y2O3 

FYSZ 

20  wt%  Y2O3 

LaSZ 

8  wt%  La2C>3 

CeSZ 

25  wt%  CeC>2  -  2.5  wt%  Y2O3 

A  columnar  structure  of  the  TBCs  of  about  250pm 
thickness  was  found  for  all  four  chemistries  with 
some  noticeable  differences  between  the  various 
ceramics.  FYSZ  and  CeSZ  posses  a  larger  column 
diameter  and  a  higher  degree  of  ordering  compared 
to  PYSZ  and  LaSZ.  On  the  other  hand,  LaSZ  has  the 
most  nonuniform  shape  of  the  terminal  section  of 
columns.  The  microstructure  of  standard  PYSZ  lies 
between  these  two  extremes  with  more  irregularities 
than  CeSZ  and  FYSZ  but  not  as  many  as  with  LaSZ. 

One  possible  explanation  for  the  variations  in  mor¬ 
phology  are  the  differences  of  the  respective  homo¬ 
logous  temperatures  Tdepositjon  /Tme|ting  which  have 
a  strong  relation  to  diverse  microstructural  zones 
within  common  structural  zone  diagrams  [20-21], 
Although  the  deposition  temperature  was  nearly  the 
same  for  all  four  zirconia,  their  melting  points  differ 
widely,  thus  resulting  in  different  microstructures  ac¬ 
cording  to  the  structure  zone  models  mentioned 
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above.  Other  effects  that  affect  the  microstructure 
include  variations  in  phase  composition,  ion  radii,  and 
surface  energy  aspects  during  condensation  [22], 

Phase  analyses  by  X-ray  diffraction  (XRD)  revealed 
that  the  compositions  of  the  three  binary  TBCs, 

PYSZ,  FYSZ,  and  LaSZ,  were  close  to  the  ingot 
compositions.  For  PYSZ  exclusive  tetragonal  (t1) 
phase  was  identified  while  FYSZ  only  contained 
cubic  (c)  phase  and  LaSZ  exhibited  a  mixture  of 
mainly  tetragonal,  minor  cubic,  and  substantial 
amounts  of  monoclinic  (m)  phase.  In  the  case  of  the 
ternary  composition  ZrC>2-Ce02-Y203,  however, 
analysis  showed  no  constant  but  fluctuating  compo¬ 
sitions  across  the  TBC  thickness.  Due  to  these  varia¬ 
tions  the  surface  content  of  ceria  varied  among  test 
pieces  of  different  deposition  runs  between  13  and 
38  wt%.  For  CeSZ  a  mixture  of  cubic,  tetragonal,  and 
occasionally  monoclinic  phases  was  found  [22]. 


Figure  5:  Weight  loss  of  cyclically  burner  rig  tested 
samples  versus  time 


These  four  differently  stabilised  TBCs  were  subjected 
to  cyclic  burner  rig  testing  at  Mach  0.35  gas  velocity 
with  cyclic  heating  up  to  1150°C  for  57  minutes  and 
forced  air  cooling  to  room  temperature  for  3  minutes. 
The  results  are  summarised  in  Figure  5.  Rapid  spal¬ 
lation  of  FYSZ  and  LaSZ  TBCs  was  observed  as 
characterised  by  high  weight  losses  after  short  test¬ 
ing  times.  PYSZ  proved  to  be  the  most  stable  coating 
system  over  lonq  times,  followed  by  sudden  spalla¬ 
tion  of  TBC. 

CeSZ  exhibited  a  different  behaviour.  Here  a  quasi- 
continuous  weight  loss  was  observed  after  each 
inspection  cycle.  The  different  failure  mode  of  CeSZ 
in  comparison  to  "standard"  failure  by  spallation  of 
PYSZ  is  visible  in  Figure  6:  a  step-wise  degradation 
in  layers  was  observed  instead  of  spallation  of  the 
whole  TBC  in  a  single  event  as  noticed  in  all  other 
cases.  A  thin  layer  of  ceramic  was  still  present  on  top 
of  the  bond  coat  after  the  tests. 

Considering  the  lifetime  of  the  TBCs  a  similar  ranking 
was  also  found  in  cyclic  furnace  tests  between  150°C 
and  1 100°C.  Here,  however,  for  all  stabilisers  the 
main  failure  location  was  found  between  the  ther¬ 
mally  grown  oxide  (TGO)  and  the  bond  coat  rather 
than  between  TGO  and  TBC. 


Burner  rig  tests  as  well  as  furnace  tests  revealed  that 
composition  and  phase  structure  of  the  variously 
stabilised  zirconias  are  closely  related  to  the  cyclic 
lifetime  of  the  coating  system.  The  only  phase  found 
in  PYSZ  was  metastable  non-transformable  t'.  The 
equilibrium  phase  diagram  [23]  predicts  a  two-phase 
mixture  consisting  of  t  containing  4  %  Y2O3  and  c 
containing  16  %  Y2O3  at  deposition  temperature. 

The  c  phase,  however,  can  only  be  maintained  at  RT 
under  the  preconditions  that  a  very  low  critical  grain 
size  of  c  is  established  and/or  the  c  particles  are 
subjected  to  high  compressional  stresses  by  the 
surrounding  t  matrix.  Both  mechanisms  would  cause 
the  half  widths  of  the  XRD  peaks  to  be  broadened 
which,  however,  is  not  observed.  Therefore,  forma¬ 
tion  of  the  t1  phase  is  considered  to  be  caused  via 
rapid  quenching  on  PVD  processing  as  can  similarly 
be  assumed  for  solidifying  TBCs  during  PS  deposi¬ 
tion. 


a) 


Figure  6:  SEM  micrographs  of  burner  rig  tested  TBCs 

after  65hrs  at  1150°C: 

a)  PYSZ  (cross  section);  b)  CeSZ  (surface) 


A  major  drawback  of  PYSZ  is  the  lack  of  high  tem¬ 
perature  phase  stability  as  supported  by  annealing 
experiments.  Whereas  EB-PVD  TBCs  are  stable  at 
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temperatures  up  to  1 150°C,  they  transfer  after  100 
hrs  annealing  at  1400°C  to  a  mixture  of  48%  tetrago¬ 
nal  +  48%  cubic  +  4%  monoclinic  (mol%)  phases 
[24],  The  transformation  into  three  phases  suggests  a 
sequential  mechanism  consisting  of  yttrium  cation 
diffusion  out  of  t'  and  destabilisation  of  t1  into  c  and  t 
with  subsequent  phase  transformation  to  m  during 
cooling.  At  temperatures  below  the  stability  point  t'  is 
still  the  most  effective  phase  for  durability  in  thermal 
barrier  coatings  as  can  be  seen  in  Figure  5.  The  t‘ 
microstructure  is  characterised  by  outstanding  bend¬ 
ing  strength,  high  crack  propagation  energy,  high 
fracture  toughness  and  highly  tolerant  thermoshock 
behaviour.  Lattice  distortion  due  to  tetragonality,  a 
domain  structure  and  the  well-described  tweed  micro¬ 
structure  inside  the  t'  grains  [25]  are  supposed  to  be 
responsible  for  the  excellent  performance  of  PYSZ. 

The  formation  of  a  single  cubic  phase  for  FYSZ  TBCs 
is  in  accordance  with  all  findings  on  EB-PVD  as  well 
as  PS  TBCs  known  from  literature.  FYSZ  suffers  from 
low  thermal  shock  resistance  and  poor  fracture  prop¬ 
erties  of  the  equilibrium  c  phase.  Earlier  reports  on 
PS  TBCs  [26-27]  have  shown  that  FYSZ  possesses 
poor  thermocyclic  behaviour.  However,  some  incon¬ 
sistency  in  the  literature  on  TBCs  of  this  composition 
must  be  recognised.  The  present  results  support 
findings  [28]  that  the  columnar  EB-PVD  structure  is 
not  able  to  overcome  the  intrinsic  problems  of  FYSZ 
leading  to  poor  integrity  of  such  coatings  after  cyclic 
testing  (Figure  5). 

Monoclinic  phases  that  undergo  a  phase  transforma¬ 
tion  during  temperature  variation  will  cause  rapid 
spallation  of  EB-PVD  TBCs.  The  volume  change 
associated  with  the  phase  transformation  m  '  t  cre¬ 
ates  high  stresses.  Even  strain  tolerant  structures  like 
columnar  EB-PVD  ones  are  unable  to  accommodate 
these  stresses  on  transformation.  Early  spallation  of 
LaSZ  gives  clear  evidence  for  such  a  failure  mecha¬ 
nism.  It  has  to  be  taken  into  account  that  high  rate 
condensation  from  a  vapour  phase  is  not  necessarily 
a  process  that  stabilises  equilibrium  phases.  There¬ 
fore,  phase  diagrams  do  not  allow  a  safe  prediction  of 
the  phases  of  real  coatings. 

CeSZ  showed  the  most  interesting  behaviour.  The 
condensing  matter  is  evaporated  from  a  ceramic 
ingot  source  material  at  approximately  3500°C  [29], 
The  presence  of  ceria  considerably  lowers  the  melt¬ 
ing  interval  of  the  ingot.  Selective  processes  are 
facilitated  which  cause  the  preferential  evaporation  of 
high  vapour  pressure  components  and  enrichment  of 
low  vapour  pressure  elements  in  the  melting  pool. 
Vapour  pressures  are  8-102  Pa  for  ZrC>2  and  9  -105 
Pa  for  CeC>2  at  3060°C  [30]  and  thus  differ  more  than 
three  orders  of  magnitude.  This  difference  is  probably 
even  higher  at  the  evaporation  temperature  which  is 
indeed  too  much  for  viable  single-source  EB-PVD 
processing.  As  a  matter  of  fact  the  evaporation  proc¬ 
ess  becomes  instationary  resulting  in  the  composi¬ 
tional  fluctuations  observed.  However,  burner  rig 
results  of  CeSZ  were  promising  (Figure  5).  Quasi- 
continuous  weight  loss  and  a  degradation  of  the 
CeSZ  TBCs  in  thin  layers  were  found  but  no  spalla¬ 
tion.  One  reason  for  a  step-wise  loss  is,  of  course, 


the  fluctuation  of  composition  across  the  thickness  of 
the  TBC.  This  may  cause  alternating  layers  of  "weak" 
phases  including  monoclinic  and  "strong"  phases  like 
t1  [24],  Apparently,  the  coating  will  first  break  in 
weaker  regions.  Lattice  misfits  between  the  various 
layers  may  further  contribute  to  reduced  adhesion 
between  the  layers.  Higher  erosion  rates  of  CeSZ 
found  for  PS  TBCs  [28,  31  ]  may  also  account  for  this 
failure  mode.  The  partial  loss  of  this  TBC  may  act  as 
a  strain/stress  relief  mechanism  that  allows  the  re¬ 
mainder  part  of  the  coating,  which  is  thinner  due  to 
partial  spallation,  to  adhere  longer.  CeSZ  apparently 
offers  some  potential  in  thermal  barrier  coatings  es¬ 
pecially  if  a  columnar  microstructure  can  be  utilised. 
Multiple  source  evaporation  is  however  required  to 
bring  about  reproducible  CeSZ  TBCs  of  stable  com¬ 
position. 


8.  INFLUENCE  OF  MORPHOLOGY  ON  TBC 
PERFORMANCE 

The  microstructure  of  EB-PVD  layers  is  essentially 
influenced  by  four  basic  processes: 

shadowing, 
surface  diffusion, 
volume  diffusion  and 
desorption. 

Their  evolution  is  roughly  predicted  in  structural  zone 
diagrams  [20-21],  Rotation  of  substrates  during 
deposition,  however,  is  not  regarded  as  an  essential 
contribution  to  the  growth  process  so  far.  Neverthe¬ 
less,  it  causes  an  additional  microstructural  feature  in 
zirconia-based  TBCs.  A  beaded  or  "c-shaped"  struc¬ 
ture  of  the  columns  is  formed  due  to  the  continuous 
change  of  vapour  impact  angle  and  amount  of  vapour 
particles  that  adhere  on  the  surface  during  each 
revolution  [32-33].  Elevated  substrate  temperatures 
during  EB-PVD  cause  a  higher  density  of  the  TBCs 
and  a  higher  hardness  as  well  [34].  In  addition  to 
stabiliser  type  and  content  the  degree  of  ionisation  of 
the  vapour  cloud,  gas  pressure,  surface  roughness, 
deposition  rate  and  vapour  impact  angle  are  other 
parameters  that  influence  the  columnar  microstruc¬ 
ture  of  EB-PVD  thermal  barrier  coatings  [22], 

EB-PVD  TBC  production  upon  3-D  coated  parts  like 
vanes  and  blades  necessitates  substrate  rotation 
during  deposition.  Therefore,  the  influence  of  rota¬ 
tional  speed  on  microstructural  evolution  of  the  coat¬ 
ings  has  been  investigated  in  more  detail.  The  differ¬ 
ences  in  microstructure  between  TBCs  deposited 
under  two  separate  process  parameter  sets  are  illus¬ 
trated  in  Figure  7.  SEM  pictures  of  the  surface  of 
TBCs  display  that  microstructures  of  EB-PVD  TBCs 
strongly  depend  on  process  parameters,  particularly 
substrate  temperature  and  rotation. 

Aiming  at  customising  microstructures  of  TBCs  for 
specific  performance  it  is  noteworthy  that  substrate 
temperature  and  rotational  speed  are  alternative 
process  parameters  that  cause  the  same  micro- 
structural  features  in  the  TBCs  within  certain  limits.  At 
low  temperature  and  low  rotational  speed  columns 
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often  vary  in  diameter  from  root  to  top  or  from  one 
column  to  the  other.  Columns  at  the  root  section  are 
much  thinner  than  at  the  top  and  are  enlarging  dis- 
continuously  from  root  to  top  conically.  Increasing 
both  temperature  and  rotational  speed  improves  the 
regularity  and  paralielity  of  the  microstructure  and 
enlarges  the  column  diameter.  After  competitive 
selection  of  favoured  crystal  orientations  in  the  thin 
root  area  during  the  first  stages  of  coating  growth, 
columns  start  immediately  to  grow  in  width  to  their 
terminal  diameter.  Although  the  coating  density 
measured  is  higher  for  high  temperature/high  rota¬ 
tional  speed  TBCs  than  in  low  temperature  deposited 
TBCs,  the  columns  appear  to  be  less  densely 
packed. 

a) 


Figure  7:  Surface  of  YPSZ  TBCs:  a)  980°C;  12rpm; 
b)  1050°C;  30rpm 


The  microstructure  can  be  varied  without  altering  the 
deposition  temperature  by  different  rotational  speeds. 
At  low  rotational  speed  the  beaded  structure  is 
formed  within  the  columns  while  it  disappears  imme¬ 
diately  after  changing  to  a  higher  speed.  An  increase 
of  column  diameter  was  also  found. 

This  processing  tool  allows  to  manufacture  micro- 
structurally  graded  TBCs  that  can  be  adapted  to  the 


need  of  appropriate  column  features  in  particular 
TBC  thickness  zones.  Several  aspects  may  contrib¬ 
ute  to  the  observed  effects  including  surface  tem¬ 
perature  fluctuations,  change  of  diffusion  kinetics  and 
enlarged  shadowing  due  to  rotation.  For  instance, 
measurements  of  actual  surface  temperatures  on  flat 
samples  during  deposition  gave  temperature  differ¬ 
ences  of  60  to  80°C  for  a  low  rotational  speed  com¬ 
pared  to  1 5  to  25°C  for  a  three  times  higher  speed. 


Homologous  Temperature 


Figure  8:  Schematic  representation  of  the  influence  of 
substrate  temperature  and  rotational  speed  on  co¬ 
lumnar  microstructure  evolution  of  EB-PVD  TBCs 


These  observations  suggest  that  structural  zone 
diagrams  should  be  modified  when  substrates  are 
rotated  during  deposition.  It  is  therefore  proposed  to 
incorporate  a  second  axis  in  the  models  as  a  further 
degree  of  freedom  similar  to  sputtered  coatings 
where  e.g.  the  role  of  argon  pressure  was  consid¬ 
ered.  To  give  a  first  idea  of  a  potential  model  exten¬ 
sion,  the  observed  microstructures  for  the  interval  of 
homologous  temperature  investigated  are  summa¬ 
rised  in  Figure  8  [35]. 


9.  INFLUENCE  OF  DEPOSITION  ANGLE  ON  TBC 
STRUCTURE 

Another  processing  parameter  of  interest  for  EB-PVD 
component  coating  is  the  angle  under  which  the 
vapour  cloud  hits  the  substrate.  This  is  of  particular 
practical  importance  since  usually  substates  like  tur¬ 
bine  vanes  and  blades  irregularly  shaped. 

First  it  was  shown  that  for  both  single  source  and 
dual  source  evaporation  morphology  and  texture  of 
PYSZ  TBCs  produced  under  a  perpendicular  vapour 
incline  angle  were  nearly  identical  for  [35].  In  all 
cases  a  {100}  plane  nearly  parallel  to  the  surface  was 
found,  an  example  of  which  is  given  in  Figure  9  [36]. 
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The  good  performance  of  TBCs  on  highly  loaded 
parts  in  severest  environments,  achieved  in  less  than 
a  decade  of  development,  is  a  good  indication  for  the 
versatility  of  the  columnar  structure  concept  of  TBCs. 
The  unfavourable  crystallographic  relations  between 
the  columns  and  the  direction  of  highest  straining  in 
service,  hypothetically  addressed  before,  stand  for  a 
positive  view  into  the  future  of  TBCs:  they  still  bear  a 
potential  for  further  improvements. 


11.  STRUCTURE  PROPERTY  RELATIONSHIPS 

Some  representative  microstructures  of  TBCs  pro¬ 
duced  by  single  source  evaporation  were  chosen  for 
cyclic  furnace  testing  (Figure  12).  All  samples  had 
the  same  EB-PVD  NiCoCrAlY  bond  coat  and  surface 
treatments.  Samples  with  a  microstructure  consisting 
of  tapered  and  discontinuous  columns  due  to  multiple 
branching  on  growth  exhibit  the  longest  cyclic  lifetime 
(12rpm/1020°C).  TBCs  with  more  regular  columns  of 
larger  diameters  appear  less  tolerant  against  thermo- 
cyclic  loading.  Burner  rig  tests  confirm  these  results. 
Obviously,  microstructure  of  TBCs  and  thermocyclic 
lifetime  are  closely  interlinked.  Figure  12  evidences 
the  superiority  of  TBCs  with  a  non-regular  micro¬ 
structure  consisting  of  columns  with  variable  diame¬ 
ters  over  TBC  with  large  uniform  column  diameters 
and  a  regular  microstructure. 


Figure  11:  Crystallographic  orientation  of  single 
crystal  blades  and  EB-PVD  TBC 


In  hot  corrosion  testing  of  EB-PVD  TBCs  no  evidence 
was  found  for  hot  corrosion  of  the  bond  coat  and  for  a 
chemical  reaction  between  the  TBC  and  corrosion 
accelerators  like  molten  salts  and  sulphur  com¬ 
pounds  [37,  38],  Flowever,  TBC  failure  can  be  initi¬ 
ated  by  mechanical  attack  of  solidified  salt  com¬ 
pounds.  Spallation  of  small  areas  of  TBC  in  a  funnel- 
shaped  manner  with  some  thinner  coating  still  adher¬ 
ent  on  the  bondcoat  indicate  this  failure  mechanism. 
For  columns  that  posses  larger  voids  between  the 
interior  column  faces,  salts  may  penetrate  deeper 
into  the  coating  than  in  denser  columnar  microstruc¬ 
tures.  Consequently,  the  weight  loss  is  higher  for  a 
coarser  microstructure  deposited  at  higher  rotational 
speed  compared  to  a  microstructure  deposited  at 
lower  temperature  and  rotational  speed  [37], 


Revolutions  [RPM]  /  Temperature  [°C] 

Figure  12:  Cyclic  lifetime  in  furnace  test  between 
1100°C  and  130°C 


12.  OUTLOOK  AND  CONCLUSION 


To  exploit  the  full  potential  of  TBCs  on  highly 
stressed  rotating  turbine  components  further  work 
has  in  particular  to  be  directed  to  efforts  which  de¬ 
termine  critical  stresses  more  accurately  based  on 
detailed  understanding  of  failure  mechanisms  of 
entire  TBC  systems  with  more  confidence.  The  prog¬ 
ress  in  the  manufacture  of  more  reliable  TBC  sys¬ 
tems  on  single  crystal  materials  will  address  the  de¬ 
sign  of  conveniently  microstructured  TBCs  with  supe¬ 
rior  strain  tolerance  on  advanced  bond  coats  with 
predictable  TGO  formation.  The  tailoring  of  respec¬ 
tive  microstructures  to  differing  substrates  with  regard 
to  optimal  adaption  of  their  "porosity”  and  of  the 
thermal  expansion  mismatch  has  to  be  taken  into 
account.  Here  the  disposal  of  appropriate  EB-PVD 
technologies  will  enable  to  manufacture  unique  mi¬ 
crostructures  for  service-tolerant  TBCs. 


Changes  in  stress  state,  elastic  moduli,  and  adhesion 
between  contacting  columns  that  possess  high  num¬ 
bers  of  protrusions  may  be  responsible  for  this  differ¬ 
ent  behaviour.  On  the  other  hand,  in  the  regular  mi¬ 
crostructure,  crack  propagation  paths  were  provided 
along  the  parallel  columns  that  cover  the  whole 
thickness  of  the  TBC.  Indeed  early  crack  formation 
was  found  for  these  microstructures. 


Future  applications  of  TBCs  aim  at  surface  tempera¬ 
tures  of  1250°C  and  above  where  aero  engines  as 
well  as  industrial  gas  turbines  will  operate.  Today's 
state-of-the-art  PYSZ  ceramics,  however,  exhibit 
destabilisation  of  the  tetragonal  t'  phase  to  monoclinic 
and  cubic  on  extended  exposure  at  temperatures 
above  1150°C,  and  sintering  phenomena  become 
predominant.  Alternative  ceramics  will  be  needed 
with  reduced  sintering  rates,  improved  phase  stability 
and  lower  thermal  conductivity.  The  need  for  ad- 
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In  Figure  10  two  EB-PVD  PYSZ  coatings  are  com¬ 
pared  with  vapour  incline  angles  of  25-40°  (Figure 
10a)  and  <  10°  (Figure  10b)  deposited  under  con¬ 
stant  rotating  conditions.  It  is  obvious  that  the  colum¬ 
nar  structure  closely  follows  the  incline  angle  of  the 
vapour  cloud  to  the  substrate  surface.  This  shows 
that  the  angle  of  the  columns  is  directly  related  to  the 
vapour  incline  angle,  which  is,  however,  different  for 
the  crystallographic  orientation.  Texture  measure¬ 
ments  have  revealed  that  the  deposition  conditions 
clearly  influence  the  type  of  texture  of  EB-PVD  TBCs 
[36].  For  rotated  substrates  a  four-fold  symmetry  with 
{100}  planes  nearly  parallel  to  the  surface  evolves 
independent  of  vapour  incline  angle,  as  indicated  in 
Figure  10.  The  technical  importance  of  textures  in 
TBCs  is  related  from  the  fact  that  the  associated 
anisotropy  in  elastic  moduli  as  well  as  thermal  ex¬ 
pansion  within  the  t1  phase  may  very  well  have  a 
profound  influence  on  the  lifetime  of  the  coating  sys¬ 
tems. 


Figure  9:  Characteristic  texture  of  EB-PVD  processed 
PYSZ  TBCs  indicated  by  {1 1 1}  pole  figure  [36] 


10.  SINGLE  CRYSTAL  SUBSTRATES 

As  discussed  before,  the  columns  of  EB-PVD  TBCs 
exhibit  a  preferred  {100}  texture  in  perpendicular 
direction  to  the  substrate.  How  does  this  reflect  on 
advanced  substrate  material  which  more  and  more 
tends  to  be  of  single  crystal  nature?  The  technical 
advantage  may  be  twofold,  namely  a  slightly  higher 
thermal  expansion  (CTE)  in  in-plane  direction  for  a 
better  fitting  to  the  bond  coat  and  a  hypothetically 
lower  Young's  modulus  (note:  the  Young's  modulus  is 
highest  in  {100}  orientation  for  zirconia  monocrystals) 
which  provides  more  stress  relief  at  the  interface  on 
mechanical  loading. 

Some  controversy  may  arise  on  the  appropriate  defi¬ 
nition  of  the  “right"  Young's  modulus  which  becomes 
effective  as  a  stress  depressant  in  in-plain  direction. 

Is  the  effective  Young's  modulus  the  intrinsic  physical 
property  of  an  individual  crystal  column,  or  is  it  the  - 
much  lower  -  overall  Young's  modulus  of  the  whole 
stack  of  TBC  constituents  composed  of  columnar  and 
wedge  shaped  crystals,  grain  boundaries,  loosely 
adherent  interfaces  and  some  free  space  e.g.  at 
abandoned  crystal  positions? 


This  question  in  mind  the  habit  morphology  and  ori¬ 
entation  of  a  TBC  will  be  detailed  first.  EB-PVD  TBCs 
form  a  preferred  {100}  texture  not  only  in  normal  but 
also  in  in-plain  direction  which  will  establish  along  the 
main  axis  of  rotation  and  perpendicular  to  it  (Figure 
11).  This  axis  usually  coincides  with  the  main  axis  of 
a  turbine  blade  which  also  is  most  heavily  subjected 
to  mechanical  stressing  in  service.  In  essence,  the  in¬ 
plain  {100}  texture  orientation  of  TBCs  is  the  most 
heavily  strained  one.  Any  other  crystal  orientation 
should  be  better.  A  look  over  a  TBC  in  lateral  direc¬ 
tion  (Figure  7b)  clearly  shows  the  longitudinal  and 
often  diamond-shaped  cross  section  of  crystals  which 
spread  with  their  elongated  main  diagonals  in  {100} 
direction.  So  less  stress-depressant  boundaries  will 
accumulate  in  this  direction  compared  to  all  others. 


(113)  (100) 


(100) 


Figure  10:  PYSZ  EB-PVD  coatings  deposited  under 
vapour  incline  angles  of  25-40°  (a)  and  <  10°  (b) 
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Figure  13:  DLR's  150  kW  dual-source  EB-PVD  labo¬ 
ratory  coater  (von  Ardenne  Anlagentechnik)  for  the 
production  of  novel  TBCs  and  bond  coats  on  aeroen¬ 
gine  and  stationary  gas  turbine  components 


vanced  ceramic  materials  will  force  EB-PVD  proc¬ 
essing  development  to  overcome  pertinent  materials 
restrictions.  Multiple-source  high  rate  coaters  will  be 
a  valuable  tool  to  enable  the  production  of  TBCs 
which  are  composed  of  low  and  high  vapour  pressure 
components  (Figure  13). 

Advanced  electron  beam  gun  design  allows  the  use 
of  only  one  gun  in  combination  with  jumping  electron 
beam  technology  for  dual  source  evaporation  [39]. 
Fast  to  and  fro  movements  of  the  electron  beam  from 
one  pool  to  another  and  provides  a  quasi-continuous 
evaporation  from  multiple  sources.  Such  equipment 
also  allows  to  produce  advanced  bond  coat  composi¬ 
tions  which  may  attribute  their  share  to  the  manufac¬ 
ture  of  safer  TBC  systems. 

New  microstructures  encompass  compositionally 
graded,  density  graded  and  multilayered  arrange¬ 
ments  where,  especially  in  the  last  case,  a  reduced 
heat  conduction  may  allow  the  application  of  thinner 
overlays.  CVD  techniques  can  attribute  their  particu¬ 
lar  thin  layer  virtues.  Basic  and  applied  research 
capabilities  have  to  focus  on  alternative  materials 
and  processing  routes  while  earnestly  guarding  all 
cost  requirements.  Non-destructive  testing  and  life- 
prediction  methodologies  for  TBC  systems  have  to  be 
furnished.  Finally,  research  and  development  efforts 
have  to  be  combined  to  fully  exploit  the  temperature 
potential  of  TBCs  in  aeroengine  gas  turbines  and  at 
the  same  time  make  TBCs  mature  for  extensive  us¬ 
age  for  rotating  components  also  in  stationary  gas 
turbines  for  energy  conversion  purposes  [6], 
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SUMMARY 

Plasma-assisted  chemical  vapor  deposition  has  been 
successfully  used  to  deposit  thick  (20  -  1 50  pm)  zirconia 
-  (5-20wt%)  yttria  coatings  on  metallic  and  alumina 
substrates,  with  high  rates  (up  to  150  pm/h)  at 
temperatures  ranging  from  400  to  750°C.  Tetrachloride 
(ZrCl4)  and  Y(thd)3  (3-diketonate  were  used  as  zirconium 
and  yttrium  source  materials.  Vaporization  conditions 
have  been  studied  for  both  precursors.  Morphology, 
impurity  content  and  crystallographic  structure  of  the 
coatings  were  investigated.  At  all  deposition 
temperatures,  the  coatings  exhibited  columnar 
morphology  and  {100}  crystallographic  texture.  At  low 
substrate  temperature  (400°C),  the  pore  volume  fraction 
was  high  ( ca .  50%)  and  the  coatings  incorporated  some 
carbon  and  chlorine  impurities,  but  at  high  temperature 
(750°C),  the  pore  fraction  reduced  to  about  25%  and  little 
carbon  and  no  chlorine  were  detected.  Metastable 
tetragonal  « t’  »  phase  was  the  main  constituent  of 
coatings  with  7  and  10wt%  yttria.  Annealing  for  24  and 
120  hours  of  Zr02  -  7wt%  Y203  coating  deposited  at 
400°C  showed  that  cubic  phase  with  an  yttria  content  of 
about  llwt%  is  allowed  to  form,  at  the  expense  of  the 
« t’  »  phase  whose  yttria  content  diminishes  to  4wt%. 
This  relatively  fast  evolution  towards  thermodynamic 
equilibrium  may  be  related  to  the  high  porosity  level. 

1.  INTRODUCTION 

The  use  of  thermal  barrier  coatings  (TBCs)  cannot  be 
currently  by-passed  for  the  enhancement  of  both 
aeronautical  and  industrial  gas  turbine  performance  and 
efficiency.  Zirconia-based  compositions,  and  especially 
6-8wt%  yttria  partially  stabilized  zirconia,  are  widely 
used,  because  of  an  outstanding  behaviour  at  high 
temperature  (high  chemical  and  structural  stability,  high 
coefficient  of  thermal  expansion,  low  thermal 
conductivity)  and  a  good  resistance  to  thermal  cycling 

Ill- 

Numerous  depositions  techniques  of  zirconia-based  films 
are  reported  in  the  literature,  including  : 

•  sol-gel  processing  [2], 

•  chemical  vapor  deposition  (CVD) :  conventional 
thermal  CVD  [3],  metal-organic  CVD  (MOCVD)  [4], 
plasma-enhanced  (or  assisted)  CVD  (PECVD  or 


PACVD)  [5],  electrochemical  vapor  deposition 
(EVD)  [6],  combustion  CVD  (CCVD)  [7], 

•  physical  vapor  deposition  (PVD) :  sputtering  [8], 
laser  PVD  [9],  electron  beam  PVD  (EBPVD)  [10], 
and 

•  plasma  spraying  [11], 

for  numerous  applications  :  TBCs  for  gas  turbine  engines 
[12,  13],  stationary  gas  turbines  [14]  and  diesel  engines 
[15],  solid  electrolytes  for  fuel  cells  [16],  gas  sensors  [5], 
insulating  layers  for  semiconductors,  buffer  layers  for 
YBaCuO  supraconductors,  hard  coatings,  optical 
coatings,  etc.  But  few  techniques  are  suited  for  thick  (150 
to  300  pm)  coatings,  which  require  high  deposition  rates, 
as  needed  for  TBCs. 

Plasma  spraying  and  EBPVD  are  currently  the  only 
processes  used  in  production  for  TBCs  [17,  18],  Yet 
being  typically  line-of-sight  processes,  they  are  limited  to 
the  coating  of  simple-shaped  airfoils,  and  deposition  on 
shadowed  regions  of  multiple  airfoils  may  be  very 
difficult  [19].  A  non-directive  alternative  deposition 
process  would  present  definite  advantages  in  this  respect. 

CVD  techniques  are  in  that  sense  well  fitted.  EVD  allows 
deposition  rates  as  high  as  100  pm/h  [16]  but  requires 
porous  substrates,  and  too  low  deposition  rates  (typically 
1  pm/h)  exclude  thermal  CVD.  Plasma  activation,  at 
either  radio  (13.56  MHz)  or  microwave  (2.45  GHz) 
frequencies,  has  been  widely  used  for  the  deposition  of 
various  layers  in  microelectronics,  hard  coatings  and 
oxide  diffusion  barriers  [20],  It  presents  two  benefits  : 
lowering  of  the  substrate  temperature,  in  some  cases 
down  to  less  than  100°C,  and  enhancement  of  the 
deposition  rate  by  up  to  two  orders  of  magnitude. 

Moreover,  PECVD  processes  allow  to  vary  the  coating 
morphology  ;  in  the  particular  case  of  zirconia-based 
coatings  columnar  morphologies  can  be  obtained,  as 
already  shown  by  Cao  [5]  for  zirconia-yttria  solid 
solutions  and  Bertrand  [21,  22]  and  Gavillet  [23]  for  pure 
zirconia.  Compared  to  the  lamellar  morphology  of 
plasma-sprayed  coatings,  the  columnar  morphology  is 
generally  preferred  for  cycled  applications  at  high 
temperature  as  in  gas  turbine  engines  [19].  The  improved 
strain  tolerance  is  due  to  the  orientation  of  the 
intercolumnar  porosity  perpendicular  to  the 
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substrate/coating  interface,  thus  allowing  contraction  and 
expansion  without  cracking. 

This  paper  presents  the  work  in  progress  at  ONERA  to 
develop  a  PECVD  process  for  the  deposition  of  yttria 
partially  stabilized  zirconia  thermal  barrier  coatings. 
Electrodeless  microwave  plasma  generation  has  been 
preferred  to  radio-frequency,  because  of  the  potentially 
higher  electron  densities  involved  (1017  -  1018  m'3)  and 
thus  higher  active  species  densities  and  higher  deposition 
rates. 

2.  EXPERIMENTAL  DETAILS 

All  deposits  were  performed  in  a  home-built  laboratory- 
scale  reactor  based  on  the  apparatus  used  by  Bertrand 
[21,  22].  The  reactor  can  schematically  be  decomposed 
into  four  parts  (Figure  1)  [24]: 

•  the  gas  generation  and  distribution  system  allows  the 
vaporization  of  the  zirconium  and  yttrium  solid 
precursors  and  their  transport,  together  with  argon 
carrier  gas  and  oxygen,  to  the  deposition  chamber  ; 

•  the  deposition  chamber  is  a  100  mm  in  diameter,  280 
mm  long  quartz  tube.  It  is  surrounded  by  a 
microwave  cavity  (180  mm  in  diameter)  coupled 
through  a  waveguide  to  a  1200  W  maximum  power 
2.45  GHz  microwave  generator  ; 

•  the  substrate  (20  mm  in  diameter,  2  mm  thick)  is 
placed  on  a  temperature-controlled  holder  resistively 
heated  by  a  Ni-Cr  wire  connected  to  a  600  VA  power 
supply.  The  substrate  temperature,  Ts,  can  reach  a 
maximum  of  1000°C  for  short  durations,  but  this  has 
to  be  reduced  to  750°C  for  longer  durations  due  to  the 
rapid  oxidation  of  the  Ni-Cr  wire  at  high  temperature 
and  low  pressure.  The  distance  from  the  injection 
nozzle  to  the  substrate  can  be  varied.  Substrates  are 
metallic  (NiCoCrAlY,  preoxidized  at  1100°C  to  allow 
the  growth  of  an  adherent  alumina  film)  or  ceramic 
(sintered  a-alumina) ;  a  hole  is  drilled  on  the  sample 
side  so  that  a  thermocouple  can  be  introduced  to 
monitor  the  sample  temperature  ; 

•  the  gases  are  evacuated  by  a  Roots  blower  (Alcatel, 
150  m3  h'1)  connected  to  a  primary  pump  (Alcatel,  33 
m3  h"1).  Corrosive  gases  are  condensed  in  a  liquid 
nitrogen  trap.  The  total  pressure  in  the  deposition 
chamber  is  controlled  by  a  throttle  valve  and  a 
Baratron  gauge. 

Airtightness  is  obtained  using  conventional  Viton®  O- 
ring  seals,  except  for  the  gas  generation  part  which  is 
heated  up  to  250°C  where  Kalrez®  seals  were  used.  All 
metallic  parts  are  made  of  AISI  316  L  stainless  steel. 

Experimental  conditions  for  the  deposition  of  Zr02-Y203 
TBC  coatings  are  given  in  Table  1. 

2.1  Zr  and  Y  source  materials 

Since  neither  mineral  nor  metal-organic  zirconium  and 
yttrium  compounds  are  gaseous  at  room  temperature, 
condensed  source  materials  have  to  be  used  and 
vaporized  in  a  specific  manner  (bubbler,  furnace,  etc). 

The  precursors  for  Zr  and  Y  were  chosen  from  literature 
data  and  specific  investigations  were  conducted  on  some 


Figure  1  -  Apparatus  for  PECVD  of  ZrC>2  -  Y2O3 
thermal  barrier  coatings. 

of  them  [24,  25],  The  main  selection  criteria  were  : 

•  a  high  vapor  pressure  to  ensure  high  deposition  rates 
(this  requirement  is  less  stringent  for  the  Y  precusor, 
because  the  aimed  Y:Zr  atomic  concentration  ratio  in 
the  coatings  is  always  less  than  1 :5) ; 

•  a  good  chemical  and  thermal  stability  ; 

•  low  toxicity,  low  moisture  sensitivity,  low  cost. 

Zirconium  tetrachloride  (ZrCl4)  and  Y(02CnHl9)3 
(tris(2,2,6,6-tetramethyl-3,5-heptanedionate)yttrium  or 
«  Y(thd)3  »)  have  been  finally  selected. 

ZrCl4  powder  is  commercially  available  at  high  purity 
levels  (more  than  99.5%)  and  presents  high  vapor 
pressures  (315  to  4000  Pa)  in  the  range  200-250°C.  This 
allows  the  design  of  a  vaporization  furnace  working  at 
relatively  low  temperature.  In  practice,  a  porous  silica 
crucible  is  half  filled  with  ZrCl4  and  placed  in  the 
temperature-controlled  furnace  (70  cm3  inner  volume). 
Argon  carrier  gas  is  then  forced  through  the  powder  and 
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the  ZrCl4-enriched  gas  flows  to  the  mixing  chamber.  This 
percolation  technique  ensures  a  good  solid  to  gas  mass 
transfer. 

The  metal-organic  compound  Y(thd)3  is  available 
commercially  at  slightly  lower  purity  levels  (more  than 
98%).  It  melts  at  174°C  and  presents  a  high  enough 
vapor  pressure  at  temperatures  greater  than  ca.  160°C.  A 
silica  boat  with  a  small  amount  of  Y(thd)3  is  placed  in  a 
second  temperature-controlled  furnace.  Argon  circulates 
over  the  powder  surface,  which  is  pasty  at  the  selected 
temperatures.  The  Y(thd)3  +  Ar  gas  mixture  is  then 
introduced  into  the  mixing  chamber. 

Oxygen  and  argon  are  added  to  the  gas  flow  in  the 
mixing  chamber.  Argon  is  used  as  an  inert  carrier  gas  but 
also  to  facilitate  the  ignition  of  the  plasma,  to  improve  its 
stability  and  to  adjust  the  partial  and  total  pressures  in  the 
deposition  chamber. 

Only  a  few  grams  of  Zr  and  Y  precursors  are  vaporized  at 
each  deposition  experiment,  as  given  by  crucible  mass 
measurements.  This  corresponds,  in  the  standard 
conditions  (see  Table  1),  to  approximate  mass  loss  rates 
of  1.4  g/h  and  0.25  g/h  and  gaseous  precursor  mole 
fractions  in  the  mixing  chamber  of  about  2  10'3  and 
1.5  1  O'4,  respectively.  After  deposition,  the  crucibles  with 
the  remaining  powder  are  removed  from  the  furnaces, 
after  having  cooled  down  to  room  temperature,  and 
stored  until  the  next  utilisation.  Vaporization  conditions 
for  both  furnaces  were  investigated,  and  charts  of 
precursor  mass  loss  vs.  furnace  temperature  and  argon 
flow  rate  were  drawn. 

Although  both  precursors  are  moisture  sensitive,  they  can 
be  stored  for  several  months  in  appropriate  dessicators, 
without  significant  variation  of  their  properties.  To 
prevent  corrosion  of  metallic  parts  by  hydrochloric  acid 
(produced  by  the  reaction  of  moisture  with  chlorides),  the 
whole  apparatus  is  flushed  with  argon  after  each 


Table  1  -  Experimental  conditions  for  the  deposition  of 
Zr02-Y2C>3  TBC  coatings. 


Parameter 

Range 

Standard 

conditions 

02  flow  rate 

(seem) 

25  -  500 

200 

Ar  total  flow  rate 

(seem) 

50  -  1400 

800 

for  Zr  furnace  (seem) 

20  -  700 

100 

for  Y  furnace  (seem) 

10-  140 

50 

Zr  furnace  temperature 

(°C) 

25  -  250 

210 

Y  furnace  temperature 

(°C) 

25  -  250 

170 

Total  pressure  in  deposition 

chamber 

(Pa) 

13  -  1330 

133 

Microwave  input  power  (W) 

0  -  1200 

750 

Substrate  temperature 

(°C) 

300-  750 

400 

Nozzle  exit  -  substrate 
distance 

(mm) 

25-90 

50 

Deposition  duration 

(h) 

0.25  -  3 

1 

deposition  experiment  and  is  continuously  kept  under 
vacuum.  No  excessive  corrosion  is  noticed  after  three 
years  operation. 

The  whole  gas  generation  part,  from  the  furnaces 
downwards  to  the  injection  nozzle,  is  heated  at  250°C  to 
avoid  condensation  of  the  gaseous  precursors. 

2.2  Gas  injection 

The  injection  of  the  precursor  gases  into  the  deposition 
chamber  is  of  primary  importance  as  coatings  with 
homogeneous  thickness  are  required.  This  is  especially 
the  case  if  real  complex-shaped  turbine  blades  are  to  be 
coated.  But  the  present  laboratory-scale  deposition 
reactor  has  been  designed  for  investigations  on  small 
samples,  so  that  this  requirement  is  less  severe. 
Nevertheless,  both  to  get  insight  in  the  fluid  dynamics 
around  the  sample  and  to  prepare  an  up-scaling  of  the 
reactor,  flow  simulations  in  the  deposition  chamber  have 
been  performed  [24]. 

The  small  cylindrical  nozzle  used  by  Bertrand  [22]  has 
been  replaced  by  a  conical  convergent-divergent  nozzle 
as  shown  on  Figure  2.  The  nozzle  has  been  designed 
using  one-dimensional  isentropic  flow  relations  [26]  so 
that  a  shock  wave  is  located  in  the  divergent  part.  The 
flow  at  the  nozzle  exit  remains  thus  subsonic  in  a  wide 
range  of  experimental  conditions.  The  flow  properties  at 
that  location  were  then  used  as  input  boundary  conditions 
for  finite  element  calculations  [27]  in  the  deposition 
chamber,  neglecting  the  presence  of  Zr  and  Y  precursors 
(less  than  1  mol%),  as  illustrated  on  Figure  3.  For  some 
calculations,  the  heating  of  the  gas  by  the  microwave 
plasma  was  taken  into  account,  but  the  numerous 
chemical  reactions  induced  by  the  plasma  were  up  to  now 
neglected.  These  simulations  will  be  used  to  optimize  the 
deposition  process,  with  respect  to  both  deposition 
efficiency  and  coating  homogeneity  on  complex-shaped 
substrates. 


Figure  2  -  Schematic  view  of  the  gas  injection  nozzle. 
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Figure  4  -  SEM  cross-sectional  view  of  a  ZrC>2  - 
5wt%  Y2O3  coating  deposited  in  the  standard  conditions 
(deposition  duration  :  1  hour). 


Figure  3  -  Simulation  of  the  gas  flow  in  the  deposition 
chamber.  P  =  130  Pa,  total  flow  rate  :  1000  seem  (80% 
Ar  -  20%  O2),  distance  from  nozzle  exit  to  substrate  :  50 
mm,  Ts  =  400°C,  input  gas  temperature :  220°C,  no 
plasma. 

3.  RESULTS  AND  DISCUSSION 

The  structure  of  the  Zr02  -  (5-20wt%)  Y203  coatings  has 
been  characterized  using  scanning  electron  microscopy 
(SEM)  and  X-ray  diffraction  (XRD  ;  CuKa  radiation). 
The  yttrium  content  in  the  various  phases  has  been 
indirectly  obtained  by  XRD,  using  the  following  relations 
obtained  from  Scott’s  measurements  [28]  between  the 
Y03/2  mole  fraction,  X,  and  the  lattice  parameters  a  and  c 
(in  angstroems) : 


for  0.03  <X<  0.13  (tetragonal  phase) : 

at  =  5.08  +  0.358  X 

(1) 

ct  =  5.195-  0.31  X 

(2) 

for  0.12  <X<  0.33  (cubic  phase) : 

ac  =  5.1 15  +  0.16  X. 

(3) 

The  yttria  contents  will  be  given  in  Y203wt%,  which  is 
approximately  equal  to  Y03/2mol%.  The  impurity  content 
has  been  measured  using  nuclear  reaction  spectroscopy 
(NRS)  and  particle-induced  X-ray  emission  spectroscopy 
(PIXE),  for  carbon  and  chlorine  detection  (detection 
limits  :  0.4  and  0.1  at%,  respectively).  These  techniques 
were  also  used  to  check  the  overall  Y  content  in  some 
coatings. 

3.1  Morphology 

All  deposited  coatings  showed  columnar  morphology,  as 
illustrated  on  Figure  4.  The  columns,  originating  from  the 
substrate  surface,  exhibit  conical  shape,  leading  to  domed 
top  surface.  This  morphology,  frequently  obtained  in 
CVD,  results  from  the  nuclei  preferential  growth  in  given 
directions. 


coating  mass  (mg) 

Figure  5  -  Coating  thickness  vs.  coating  mass  for  various 
substrate  temperatures  and  for  a  fully  dense  coating 
(with  p  =  6020  kg/m$). 

The  pore  volume  fraction  in  the  coating  has  been 
evaluated  by  the  simple  relation  P-  1  -  pexp/pth  with 
peXp  the  experimental  coating  specific  mass,  measured  as 
the  substrate  mass  increase  over  coating  volume  ratio, 
and  pth,  the  specific  mass  of  fully  dense  Zr02  -  8wt% 
Y203  (pp 7 «  6020  kg/m3) ;  because  of  the  errors  on  the 
coating  mass  and  volume  measurements,  these  results  are 
estimated  to  be  accurate  within  ±10  rel%.  Figure  5  shows 
the  variation  of  the  coating  thickness  vs.  coating  mass  for 
various  substrate  temperatures.  The  slope  of  the  straight 
lines  is  l/(peXp.S),  with  S  the  substrate  surface  area.  This 
allows  to  calculate  peXp  and  P,  as  summarized  in  Table 
2. 

It  is  seen  that  the  porosity  level  is  highly  dependent  on 
the  substrate  temperature  during  deposition.  This  is  a 
typical  coating  growth  feature  for  high  deposition  rate 
processes  (especially  PVD),  as  a  competition  between  ad- 
particle  (atoms,  molecules)  arrival  rate  and  thermally 
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Table  2  -  Measured  specific  mass  peXp  and  pore  volume 
fraction  P,  for  various  substrate  temperatures. 


Substrate  temperature 
(°C) 

Pexp 

(kg/m3) 

P 

400 

2760 

54% 

600 

3500 

42% 

750 

4420 

26% 

Figure  6  -  SEM  cross-sectional  view  of  a  coating 
deposited  in  the  standard  conditions  (Ts  =  400°C)  and 
annealed  for  24  hours  at  1 100°C  in  air  :  bulk  of  coating 
(top)  and  substrate-coating  interface  (bottom). 

activated  particle  surface  diffusion  [29],  In  the  present 
case,  the  time  interval  between  ad-particles  arrival  is 
about  20  ms,  being  defined  as  c/2R  with  c  the  lattice 
parameter  (c  «  5  10'10  m)  and  R  the  deposition  rate.  At 
low  deposition  temperatures,  the  distance  travelled  by  the 
adsorbed  particles  by  surface  diffusion  during  that  time 
interval  is  too  small  to  allow  the  construction  of  a 
«  perfect »  crystal  so  that  many  voids  (vacancy  clusters 
or  pores)  are  incorporated  into  the  coating.  It  is  seen  on 
the  SEM  coating  cross-sections  (Figure  4)  that 
intercolumnar  porosity  cannot  account  for  the  whole 
measured  54%  pore  volume  fraction,  showing  that 
intracolumnar  porosity  exists  which  cannot  be  resolved 
by  SEM.  At  higher  deposition  temperatures,  surface 


diffusion  becomes  more  important,  by  ca.  one  order  of 
magnitude  between  400°C  and  750°C  if  a  leV  activation 
energy  is  assumed,  so  that  less  porous  structures  are 
allowed  to  grow.  At  high  temperatures,  bulk  diffusion 
can  also  contribute  to  the  elimination  of  porosity. 

The  porosity  is  not  homogeneous  throughout  the  coating, 
the  first  micrometers  appearing  to  be  more  dense. 
Annealing  at  1100°C  in  air  for  24  hours  produces  the 
coalescence  of  the  intergranular  porosity  which  becomes 
observable  by  SEM.  This  sintering  takes  place 
throughout  the  coating,  as  seen  on  Figure  6  (bulk  of 
coating  and  column  base). 

The  deposition  of  highly  porous  coatings  could  have 
been  interesting  with  respect  to  lowered  thermal 
conductivities,  if  the  obtained  morphology  had  been 
thermally  stable  up  to  temperatures  corresponding  to  gas 
turbine  applications.  This  is  clearly  not  the  case  here. 

3.2  Deposition  rate 

The  deposition  rate  is  about  55  pm/h  (48  mg/h)  in  the 
standard  conditions.  Figure  7  shows  that  the  deposited 
zirconia  amount  (here  at  Ts  =  400°C)  is  proportional  to 
the  vaporized  precursor  mass  and  thus  to  the  partial 
pressure  of  zirconium  compounds  in  the  gas  phase. 
Figure  8  shows  that  the  substrate  temperature  has  very 
little  effect  on  the  deposition  rate.  This  indicates  that  the 
process  is  not  controlled  by  surface  kinetics.  Further 
experiments  are  necessary  to  determine  the  limiting  step 
of  the  deposition  process  (mass  transport,  gas  phase 
reactions,  ...)  for  various  deposition  conditions.  Note  that 
the  analysis  of  the  deposition  mechanism  is  more 
complicated  than  for  conventional  thermal  CVD,  as  the 
influence  of  the  plasma  must  be  taken  into  account. 

The  deposition  rate  depends  both  on  the  gaseous 
precursors  flow  rates  (at  least  for  ZrCl4)  and  the  overall 
deposition  efficiency.  The  former  is  related  to  the 
vaporization  capability  of  the  ZrCl4  and  Y(thd)3  furnaces. 
The  ZrCl4  furnace  has  been  tested  up  to  mass  flow  rates 
corresponding  to  deposition  rates  of  150  pm/h  (about  200 
mg/h  Zr02  -  Y203  deposited  on  the  substrate,  at 
Ts  =  750°G) ;  up-scaling  of  both  furnaces  should  not 
present  any  problems.  The  latter  is  related  first  to  the 
physical  and  chemical  processes  in  the  gas  phase  and  at 
the  gas/coating  interface  and  secondly  to  the  gas  injection 
conditions  and  to  the  geometrical  configuration  of  the 
deposition  chamber,  i.e.  nozzle  geometry,  substrate  size 
and  shape,  nozzle-substrate  distance,  etc.  Hence,  the 
deposition  efficiencies,  defined  as  the  number  of 
deposited  Zr  moles  to  the  number  of  vaporized  Zr  moles 
ratio,  that  can  be  calculated  from  Figure  8,  i.e.  8-10%, 
apply  only  to  the  current  non-optimized  deposition 
configuration.  For  instance,  the  deposition  rate  for  a 
nozzle  exit  -  substrate  distance  of  75  mm  is  the  half  of 
that  at  50  mm  :  this  is  due  to  the  fact  that  the  flow 
undergoes  a  conical  expansion  in  the  nozzle  and  in  the 
deposition  chamber.  An  efficiency  of  at  least  20%  would 
be  achievable  after  process  optimization. 

Most  coatings  were  deposited  at  rates  lower  than  about 
80  pm/h,  because  beyond  that  value  thickness 
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Figure  7  -  Deposited  zirconia  mass  vs.  vaporized  ZrCl4 
precursor  mass.  Ts  =  400°C,  P  =  133  Pa,  flow 
rates :  direct  Ar,  500-700  seem,  Zr-furnace  carrier  gas 
(Ar),  50-300  seem,  C>2,  200-300  seem,  microwave 
power  :  400-900  W,  nozzle-substrate  distance  :  50  mm. 


350  400  450  500  550  600  650  700  750 
Substrate  temperature  (°C) 

Figure  8  -  ZrC>2  mass  deposition  rate  (in  g/h), 
normalized  to  the  vaporized  ZrCl4  rate  (in  mg/h),  as  a 
function  of  substrate  temperature  Ts. 

heterogeneity  increases  (the  thickness  ratio  at  substrate 
center  and  edge  becoming  higher  than  about  2,  in  this 
configuration). 

3.3  Impurity  content 

Because  these  elements  are  present  in  the  chloride  and 
organo-metallic  gaseous  precursors,  chlorine  and  carbon 
may  be  incorporated  into  the  Zr02  -  Y203  coatings.  Table 
3  shows  the  atom  contents  measured  at  two  deposition 
temperatures.  At  Ts  =  400°C,  the  C  content  is  not 
negligible  (even  if  this  corresponds  to  only  2wt%, 
approximatively)  and  reflects  the  fact  that  the  gas  phase 
has  been  enriched  in  carbonaceous  compounds, 
originating  from  the  (partial)  dissociation  of  Y(thd)3  in 
the  plasma,  which  where  able  to  adsorb  on  the  coating 
surface.  It  had  not  been  possible  to  check  whether  the 
carbon  is  incorporated  preferentially  as  free  carbon  or  as 
a  Zr  compound.  Nevertheless,  at  high  deposition 
temperature,  the  C  content  is  drastically  reduced  (less 
than  0.5wt%)  probably  because  the  kinetics  of  the 


Table  3  -  Measured  C  and  Cl  atom  contents  in  Zr02  - 
Y2O3  coatings  at  low  and  high  deposition  temperatures. 


Substrate  temperature 

C  content 

Cl  content 

(°C) 

(at%) 

(at%) 

400 

6.8  ±0.5 

2.0 

750 

1.5 

<0.1 

oxidation  by  atomic  or  molecular  oxygen  leading  to 
gaseous  products  (CO,  C02)  has  become  favoured. 

At  low  deposition  temperature,  the  coatings  incorporate 
some  chlorine.  The  measured  content  can  appear  to  be 
relatively  high  if  corrosion  issues  are  in  mind  ;  but  it  also 
shows  how  efficient  the  plasma  decomposition  and 
reaction  processes  are,  by  reducing  the  Cl:Zr  atom  ratio 
from  4:1  in  the  mixing  chamber  to  about  2:30  in  the 
coating,  knowing  that  at  Ts  =  400°C  thermal  CVD  cannot 
take  place.  For  Ts  =  750°C,  no  chlorine  can  be  detected 
in  the  coatings,  here  also  because  reactions  of  chlorine 
compounds  with  oxygen  leading  to  volatile  products  are 
favoured  at  that  high  temperature. 

3.4  Crystallographic  structure 

Zirconia  coatings,  partially  stabilized  with  yttria  with 
mass  fractions  in  the  range  5-20  %,  were  deposited  at  Ts 
=  400°C.  XRD  diagrams  for  coatings  with  approximately 
7,  10  and  16wt%  Y203  are  shown  on  Figure  9  (Ts  = 
400°C).  All  coatings  exhibit  crystallographic  texture,  the 
{100}  planes  being  preferentially  oriented  parallel  to  the 
sample  surface.  The  yttria  content  was  deduced  from  the 
value  of  the  a  lattice  parameter.  In  accordance  to  the 
phase  diagram,  for  both  Zr02  -  7wt%  Y203  and  Zr02  - 
10wt%  Y203  coatings,  the  main  phase  is  the  metastable 
non-transformable  phase  «  / ' »  (with  a  small  amount  of 
monoclinic  phase  «  m  »),  while  the  Zr02  -  16wt%Y203 
coatings  crystallize  in  the  cubic  phase  «  c  ». 

The  Zr02  -  7wt%Y203  has  been  more  specifically 
studied.  After  annealing  at  1200°C  for  24  hours  in  air,  the 
texture  (which  is  here  more  precisely  (100))  is  amplified, 
but  from  there  on  remains  stable,  as  shown  by  further 
annealing  for  96  hours.  During  this  high  temperature 
treatment,  the  « t  ’ »  phase  is  depleted  in  yttria  while 
cubic  phase  is  allowed  to  form.  After  24  hour  annealing, 
the  yttria  content  of  the  «  t  ’ »  phase  is  reduced  to  about 
5wt%,  to  the  benefits  of  cubic  phase  (or  a  tetragonal 
phase  with  a  c/a  ratio  close  to  1)  with  ca.  1  lwt%  Y203, 
which  is  the  lower  limit  for  the  existence  of  this  phase  at 
1200°C.  After  further  annealing  during  96  hours,  the 
yttria  content  of  the  «  f  »  phase  still  decreases,  to  about 
4wt%,  but  it  remains  constant  for  the  cubic  phase.  This 
means  that  in  this  second  step,  the  yttria  transferred  from 
the  «  f  »  to  the  «  c  »  phase  has  been  consumed  only  to 
allow  the  increase  of  the  cubic  phase  volume  fraction 
within  the  sample,  as  is  observed  on  Figure  10.  The 
return  to  thermodynamic  equilibrium,  by  development  of 
the  cubic  phase,  is  somewhat  faster  than  that  observed  by 
Lelait  [30]  for  plasma  -  sprayed  Zr02  -  8wt%Y203 
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Figure  9  -  XRD  diagrams  of  as-deposited  PECVD  Zr02  - 
x  Y2O3,  with  x  =  7wt%  (top),  llwt%  (middle)  and 
16wt%  (bottom).  AI2O3  peaks  are  due  to  spalled  areas 
(edges)  on  an  alumina  substrate. 

coatings,  which  appears  after  about  250  hours  at  1200°C. 
This  different  behaviour  of  the  PECVD  sample  may  be 
explained  by  the  high  porosity  level  of  the  coating 
deposited  at  low  temperarure  (Ts  =  400°C) :  the  high 
amount  of  internal  surfaces  thus  generated  may  favour, 
comparatively  to  volume  diffusion,  the  surface  diffusion 
of  Y3+  cations,  which  are  responsible  for  the  evolution  of 
the  « t’  »  metastable  system  towards  thermodynamic 
equilibrium. 

4.  CONCLUSION 

Plasma-assisted  chemical  vapor  deposition  has  been 
successfully  used  to  deposit  thick  (20  -  150  pm)  zirconia- 
(5-20wt%)  yttria  coatings  on  metallic  and  alumina 


Figure  10  -  {400}  region  of  XRD  diagrams  for  a  Zr02  - 
7wt%  Y2O3  coating.  Experimental  diagrams  and 
calculated  contributions  of  the  « t’ »  and  «  c  »  phases  : 
as-deposited  (top),  annealed  at  1200°C  in  air  for  24 
hours  (middle)  and  120  hours  (bottom). 

substrates,  with  high  rates  (up  to  150  pm/h)  at 
temperatures  ranging  from  400  to  750°C.  ZrCl4  and 
Y(thd)3  were  used  as  source  materials  ;  vaporization, 
handling  and  storage  procedures  have  been  established 
for  both  precursors. 

Morphology,  impurity  content  and  crystallographic 
structure  of  the  coatings  were  investigated.  At  all 
deposition  temperatures,  the  coatings  exhibited  columnar 
morphology  and  {100}  crystallographic  texture.  At  low 
substrate  temperature  (400°C),  the  pore  volume  fraction 
was  high  (ca.  50%)  and  the  coatings  incorporated  some 
carbon  and  chlorine  impurities,  but  at  higher  temperature 
(750°C),  the  pore  volume  fraction  reduced  to  about  25% 
and  little  carbon  and  no  chlorine  were  detected.  It  thus 
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appears  that  medium  to  high  temperatures  are 
unavoidable  to  synthesize  suitable  coatings  for  thermal 
barrier  applications. 

Metastable  tetragonal  « t’ »  phase  was  the  major 
constituent  of  coatings  with  7  and  1  lwt%  yttria,  while 
16wt%-yttria  coatings  exhibited  only  the  cubic  phase,  in 
accordance  to  the  phase  diagram.  Annealing  for  24  and 
120  hours  of  Zr02  -  7wt%  Y203  coating  deposited  at 
400°C  showed  that  cubic  phase  with  an  yttria  content  of 
about  llwt%  is  allowed  to  grow,  at  the  expense  of  the 
« t’  »  phase  whose  yttria  content  diminishes  to  5wt%  and 
4wt%.  This  relatively  fast  evolution  towards 
thermodynamic  equilibrium  may  be  related  to  the  high 
porosity  level. 

Work  is  in  progress  to  further  investigate  the  applicability 
of  PECVD  to  coat  complex-shaped  substrates  and  to 
study  the  relationships  between  deposition  parameter  and 
coating  properties. 
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Summary 

Nanostructured  ceramics  exhibit  a  number  of 
enhanced  mechanical  and  thermal  properties 
which  may  make  them  attractive  as  thermal 
barrier  coatings.  The  phonon  contribution  to 
thermal  conductivity  is  greatly  reduced  at  room 
temperature,  but  becomes  significant  at 
operating  temperatures  only  for  grain  sizes 
below  20  nm.  Improvements  in  mechanical 
properties,  such  as  fracture  toughness  and 
resistance  to  spalling,  can  be  achieved  at  larger 
grain  size,  in  the  range  of  30  -  70  nm.  Suitable 
coatings,  consisting  of  a  composite  of  zirconia 
with  a  second  immiscible  phase,  such  as 
alumina,  can  be  fabricated  by  thermal  spray. 
However,  development  of  techniques  to 
produce  the  required  microstructure  are  at  an 
early  stage  and  may  require  advances  in  the 
state  of  the  art  for  thermal  spray  technology. 

Introduction 

Nanostructured  materials  have  traditionally 
been  defined  as  any  material  having  some 
physical  length  scale  smaller  than  100  nm. 

This  could  be  a  particle  size,  layer  thickness, 
fiber  diameter,  or  grain  size  (0-,  1-,  2-,  and  3- 
dimension  respectively).  The  choice  of  100  nm 
is  somewhat  arbitrary,  but  is  based  on  the  fact 
that  the  characteristic  length  of  many 
interesting  mechanical,  optical,  and  magnetic 
phenomena  are  of  this  order.  Thus,  as  the  layer 
thickness  or  grain  size  become  very  small,  the 
associated  properties  begin  to  diverge  radically 
from  “conventional”  values.  Another  reason 
why  nanostructured  materials  exhibit  unusual 


properties  is  that,  as  the  physical  scale  becomes 
very  small,  a  larger  proportion  of  atoms  are 
found  at  surfaces  or  interfaces.  For  example,  in 
a  3-D  nanostructured  material  with  a  grain  size 
of  10  nm,  the  proportion  of  atoms  at  grain 
boundaries  approaches  50%  (depending  on  the 
width  of  the  grain  boundary).  This  has  a 
profound  effect,  not  only  on  mechanical 
properties,  but  also  diffusion,  ionic 
conductivity  and  permeability. 

Nanostructured  coatings  and  structures 
can  be  fabricated  by  a  number  of  processing 
methods.  Nanoscale  multilayers  are  generally 
formed  by  a  sputtering  or  evaporative  process 
performed  in  controlled  atmosphere. 
Polycrystalline  nanostructured  materials  are 
formed  by  consolidation  of  either  very  small 
particles  or  larger  particles  containing  very 
small  grains.  The  consolidation  process 
involves  the  application  of  thermal  energy  and 
the  challenge  is  to  carry  out  the  consolidation 
without  engendering  excessive  grain  growth. 
Last  year,  the  Office  of  Naval  Research 
launched  a  new  program  with  the  goal  of 
producing  nanostructured  coatings  for  a  variety 
of  applications  using  thermal  spray  processing. 
These  include  resistance  to  wear,  erosion,  and 
cavitation.  The  feasibility  of  fabricating 
nanostructured  thermal  barrier  coatings  for  gas 
turbine  engines  is  also  being  considered. 
Thermal  spray  is  attractive  for  several  reasons. 
It  is  a  very  fast  process,  making  it  relatively 
easy  to  control  grain  growth.  It  is  also  an 
inexpensive  process  which  is  already  in  wide 
spread  use.  Implementation  will  not  require 
any  major  capitol  investment  or  extensive 


Paper  presented  at  an  AGARD  SMP  Meeting  on  “ Thermal  Barrier  Coatings", 
held  in  Aalborg,  Denmark,  15-16  October  1997,  and  published  in  R-823. 
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operator  training.  The  program  will 
concentrate  on  several  materials  including 
alloys,  composites  and  ceramics.  Development 
of  TBC’s  will  mostly  deal  with  composites 
containing  zirconia. 

The  changes  in  mechanical  properties 
and  thermal  conductivity  which  can  be 
obtained  in  an  ultrafine  materials  can, 
potentially,  be  exploited  to  produce  thermal 
barrier  coatings  which  are,  in  some  way, 
superior  to  a  coating  of  the  same  material,  but 
with  conventional  microstructure.  Whether  or 
not  such  coatings  are  possible  depends  on 
resolving  several  issues: 

1)  What  grain  size  must  be  achieved  to  obtain 
significant  improvement  in  thermal  resistivity 
and  mechanical  properties  such  as  toughness 
and  resistance  to  cracking  and  spallation. 

2)  Can  a  suitable  nanostructured  material  be 
synthesized  at  reasonable  cost  and  in  adequate 
quantity? 

3)  Can  the  synthesized  material  be  processed 
into  a  coating  which  retains  the  nanostructure? 

4)  Can  a  nanostructured  coating  be  fabricated 
with  sufficient  thermal  stability  to  withstand 
typical  service  temperatures  experienced  in  a 
gas  turbine  engine? 

As  will  be  discussed  below,  research  to  date 
indicates  that  it  may  be  possible  to  produce 
nanostructured  thermal  barrier  coatings  for  gas 
turbine  engines  which  exhibit  significantly 
enhanced  properties  and  which  are  relatively 
inexpensive. 

Properties  of  Nanostructured  Ceramics 

The  properties  of  a  nanostructured 
material  can  differ  radically  from  a  coarser 


material  of  the  same  composition. 
Understanding  of  these  properties  is  very 
incomplete,  especially  those  of  nanostructured 
ceramics.  This  is  partly  due  to  the  fact  that 
until  recently,  it  has  been  very  difficult  to 
fabricate  good  quality  test  specimens 
reproducibly.  Some  properties  important  to 
consideration  of  TBC’s  have  been  well 
documented.  For  example,  it  has  been  widely 
observed  that  nanoscale  ceramic  particles  have 
greatly  suppressed  melting  temperatures  and 
also  sinter  remarkably  well  at  relatively  low 
temperature  (Ref  1).  This  is  due  to  the  very 
large  surface  area  leading  to  a  very  large 
surface  tension  (producing  a  high  effective 
pressure)  and  extreme  reactivity.  The  high 
surface  energy  also  leads  to  the  stabilization  of 
phases  favored  by  the  higher  pressure.  For 
example,  the  ambient  stable  phase  of  zirconia 
particles  smaller  than  a  critical  size  is  rutile. 
Coarsening  produces  a  transformation  to 
anatase.  The  critical  size  is  temperature  and 
purity  dependent,  about  30  nm  at  room 
temperature.  This  is  illustrated  in  Figure  1.  A 
consequence  of  this  stabilization  is  that  the  use 
of  yttria  must  be  reexamined.  Normal 
compositions  of  YSZ  are  greatly  over 


Figure  1.  Zirconia  noparticles  above  (anatase) 
and  below  (rutile)  critical  size.  (Courtesy  of  C. 
Bemdt) 
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stabilized  and  exhibit  no  transformation 
toughening.  The  toughening  mechanism 
reappears  if  the  percentage  of  yttria  is  reduced 
to  below  2  percent  (Ref  2).  Another  important 
feature  of  nanostructured  ceramics  is  reduced 
thermal  conductivity  (Ref  3).  This  effect 
results  from  the  grain  boundaries  being  closer 
together  than  the  typical  distance  between  point 
defects  in  a  conventional  ceramic.  Thus,  the 
grain  boundary  contribution  to  phonon 
scattering  becomes  anomalously  high.  The 
calculated  phonon  contribution  to  thermal 
conductivity  is  illustrated  for  zirconia  (figure  2) 
and  YAG  (figure  3).  In  both  cases,  the  thermal 
conductivity  at  room  temperature  is 


dramatically  reduced  as  the  grain  size  goes 
below  1 00  nm,  the  traditional  definition  of  a 
nanostructured  material.  However,  the  drop  in 
thermal  conductivity  at  operating  temperatures 
within  gas  turbine  engines  becomes  significant 
only  when  the  grain  size  goes  below  about  20 
nm.  Several  unpublished  studies  have 
demonstrated  that  this  is  indeed  the  case.  Not 
shown  in  the  calculations  is  the  photon 
contribution  to  thermal  conductivity.  This  is  of 
major  importance  since  nanostructured  zirconia 
is  quite  transparent  to  infrared.  Therefore,  a 
nanostructured  TBC’  would  have  to  include 
micron  size  inclusions,  either  pores  or  a 
suitable  second  phase. 
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Figure  2.  Thermal  conductivity  of  7YSZ  versus  grain  size  and  temperaure  (Ref.  3) 
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It  was  previously  observed  that  it  is  difficult  to 
consolidate  nanostructured  powder  without 
excessive  grain  growth.  This  is  illustrated  in 
figure  4,  which  shows  final  grain  size  as  a 
function  of  sintering  temperature  (Ref  4).  Two 
things  are  evident.  Grain  growth  becomes 
significant  as  temperatures  approach  800  C. 
Also,  porosity  is  not  effective  in  inhibiting 
grain  growth,  as  can  be  seen  by  the  fact  that 
sintering  of  green  bodies  with  differing 
porosity  result  in  the  same  final  grain  size. 

This  implies  that  grain  growth  in  service  would 
be  a  problem.  Clearly,  a  monolithic 
nanoceramic  cannot  be  used  as  a  TBC  in  a  gas 
turbine  engin.  The  material  must  be  a 


composite,  moreover  one  containing 
immiscible  phases.  Some  research  has  been 
done  on  a  composite  of  zirconia  and  alumina. 
Coatings  were  fabricated  by  atmospheric 
plasma  spray  using  several  different  sources  of 
nanostructured  starting  materials.  It  was  found 
that  the  percentage  of  alumina  needed  to 
stabilize  the  structure  depended  considerably 
on  the  morphology  of  the  thermal  spray 
feedstock  and,  therefore,  the  morphology  of  the 
coating.  In  the  best  coatings,  30  %  alumina 
stabilized  the  grain  size  and,  therefore, 
tetragonal  phase  up  to  1 100  C  (Ref  5).  A  very 
fine  grain  size  (below  20  nm)  could  not  be 
achieved  because  there  was  complete  melting 
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Figure  3.  Thermal  conductivity  of  YAG  versus  grain  size  and  temperaure  (Ref.  3) 
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of  the  sprayed  powder  during  processing.  The  TBC.  In  spite  of  the  lack  of  a  large  body  of 
grain  size  was  limited  by  the  quench  rate  and  definitive  data,  two  facts  emerge, 

the  phase  separation  of  zirconia  and  alumina  Nano  structured  ceramics  deform 

during  solidification.  The  critical  size  for  superplastically  at  moderate  temperature  (Ref 

stabilization  of  rutile  was  larger  in  the  6).  This  temperature  is  typically  less  than  half 

composite  than  that  found  in  individual  pure  the  melting  temperature  and  can  be  even  lower 

particles.  Typical  grain  size  in  these  studies  for  very  small  grain  size.  It  has  also  been 

was  30  to  50  nm.  observed  that  intrinsic  stress  can  be  relieved  at 

low  temperature,  perhaps  even  room 

The  mechanical  properties  of  nanostructured  temperature.  Room  temperature  relaxation  has 
ceramics  depend  critically  on  composition  and  definitely  been  observed  in  nanostructured 
microstructure.  Almost  all  of  the  studies  have  cermets  (Ref  7).  It  was  also  observed  in 

been  performed  on  “folly  dense”  material  (in  nanostructured  titania  by  Gleiter  (Ref  8). 

reality,  unintentionally  porous).  Very  little  Gleiter  attributed  this  to  very  high  room 

work  has  been  done  on  intentionally  porous  temperature  diffusion  (more  than  six  orders  of 

materials,  as  one  would  prefer  to  have  in  a  magnitude  higher  than  that  found  in  microscale 
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Figure  4.  Grain  size  versus  temperature  for  sintered  nanoscale  3YSZ  powder. 
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materials).  It  is  clear  that  these  coatings 
should  not  be  used  in  situations  where  creep 
resistance  is  required.  Another  property 
affected  by  the  ultrafme  micro  structure  is 
fracture  toughness.  In  the  case  of  thermally 
sprayed  nanostrucured  zirconia,  the  biggest 
effect  may  depend  on  the  way  the  coating  is 
formed.  If  the  feedstock  consists  of 
agglomerated  small  particles,  such  as  colloidal 
material,  and  no  melting  (or  only  partial 
melting)  occurs,  then  the  coating  will  lack  the 
splat  boundaries  present  in  conventional 
coatings.  These  splat  boundaries  are  a  major 
factor  in  the  failure  of  conventional  thermal 
sprayed  coatings.  It  is  possible  to  form 
coatings  without  melting  because  of  the  very 
high  sinterability  of  the  small  particles. 
Moreover,  use  of  such  small  particles  is 
necessary  if  one  wants  to  achieve  a  grain  size 
small  enough  to  effect  thermal  conductivity.  If 
melting  does  occur,  the  coating  will  still  be 
nanostructured  provided  the  sprayed  material  is 
a  composite  of  immiscible  phases.  In  this  case, 
the  thermal  conductivity  will  not  be  greatly 
reduced,  but  the  mechanical  properties  will  still 
be  enhanced.  Several  companies  are  pursuing 
both  strategies,  but  the  information  is 
considered  proprietary  at  this  time. 

Discussion  and  Conclusions 

The  first  requirement  for  successful  fabrication 
of  nanostructured  TBC’s  be  to  obtain  suitable 
material  for  thermal  spray.  The  synthesis  of 
suitable  sprayable  material  has  not  been 
difficult.  Nanoscale  ceramic  powder  can  be 
synthesized  by  gas  condensation,  by  sol  gel  and 
colloidal  processes,  by  various  flame  and 
plasma  processes,  and  mechanical  attrition. 
Several  techniques  have  also  been  developed 
for  reprocessing  raw  powder  into  a  suitable 
form  for  thermal  spray.  These  reprocessing 
techniques  are  proprietary  and  cannot  be 
disclosed  at  this  time.  At  present,  commercial 
manufacturing  of  large  quantities  of  nanoscale 


ceramic  powder  does  not  exist.  Several 
companies  have  the  capability  to  provide 
production  capacity,  but  will  need  to  see  an 
adequate  market  before  doing  so.  Research 
quantities  are  easily  obtained  from  numerous 
sources. 

Development  of  techniques  for  fabricating 
coatings  by  thermal  spray  are  at  a  very  early 
stage.  It  was  noted  above  that  improvement  of 
thermal  resistivity  will  require  an  extremely 
small  grain  size,  of  the  order  of  10  -  20  nm, 
while  improvement  of  mechanical  properties 
can  be  achieved  by  reducing  grain  size  only  to 
about  30  -  70  nm.  The  difficulty  in  retaining  an 
ultrafme  microstructure  in  the  coating  during 
processing  an  subsequent  exposure  to  elevated 
temperature  increases  dramatically  with 
reduced  grain  size.  One  reason  for  this  is  that 
the  driving  force  for  grain  coarsening  is  highly 
grain  size  dependent.  Another  reason  is  that, 
while  it  is  possible  to  produce  a  30  -  70  nm 
grain  structure  through  melting  and  rapid 
solidification,  a  10  -  20  nm  grain  structure  can 
only  be  achieved  by  avoiding  melting,  relying 
instead  on  rapid  sintering  of  very  fine  particles. 
This  may,  if  fact,  be  quite  feasible,  but  it  has 
yet  to  be  demonstrated.  Clearly,  improving 
mechanical  properties  will  be  much  easier  than 
reducing  thermal  conductivity.  In  both  cases, 
control  of  coating  microstructure  will  require 
very  tight  control  of  the  thermal  history  of  the 
sprayed  particles.  This,  it  turn,  will  require 
excellent  control  of  both  the  size  and 
morphology  of  sprayed  particles,  and  spray 
conditions.  It  may,  in  fact,  require  real  time 
process  control  at  a  scale  not  currently 
available.  Thus,  it  may  be  necessary  to  extend 
the  state  of  the  art  in  thermal  spray.  This  much 
more  likely  to  be  true  for  improvement  in 
thermal  conductivity  than  for  improvement  of 
mechanical  properties.  Finally,  a  great  deal  of 
research  still  needs  to  be  done  in  order  to 
determine  exactly  what  composition  and 
microstructure  to  attempt  to  achieve.  This  will 


include  a  thorough  study  of  creep  and  stress 
relief  in  the  coatings. 

In  conclusion,  the  use  of  nanostructured  TBC’s 
with  enhanced  properties  relative  to  existing 
materials  is  possible.  It  will  require  a  great 
deal  of  effort  both  in  research  on 
nanostructured  ceramic  composites  and  in 
development  of  thermal  spray  techniques 
capable  of  achieving  desired  microstructures. 
The  kind  of  effort  required  to  reduce  thermal 
conductivity  will  be  quite  different  from  that 
required  to  improve  mechanical  properties, 
with  very  different  attendant  risks.  Ongoing 
work  under  the  ONR  program  should  clarify 
most  of  these  issues  during  the  next  year. 
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ABSTRACT 

The  thermal  conductivity  of  ceramic  coatings  is  a  function  of  the 
thermal  conductivity  of  the  individual  constituents  (nature  of  phases, 
presence  of  point  and  planar  defects,  etc.)  and  of  the  morphology  of 
the  coating  (pores,  cracks).  This  latter  aspect  is  particularly 
important  for  TBCs  as  it  explains  why  their  thermal  conductivity  is 
significantly  lower  than  the  corresponding  values  for  dense 
materials. 

This  paper  presents  a  model  developed  to  calculate  the  thermal 
conductivity  of  porous  and  microcraked  ceramic  coatings  based  on  a 
finite  difference  method  applied  on  digitised  images  of  yttria 
partially  stabilised  zirconia  (YPSZ)  coatings  deposited  by  plasma 
spraying.  The  influence  of  the  different  types  of  morphological 
features  on  the  thermal  conductivity  is  discussed. 


1.  INTRODUCTION 

Thermal  barrier  coatings  are  constituted  of  a  ceramic  external 
layer,  most  generally  composed  of  partially  stabilised  zirconia 
(Zr02-6  to  8wt%  Y203)  deposited  on  top  of  an  oxidation 
resistant  metallic  layer  (MCrAlY  alloy  or  modified  aluminide). 
Their  main  function  is  to  thermally  isolate  the  superalloy 
components,  blades  or  vanes,  which  they  protect  from  the  hot 
gases  circulating  in  the  turbine.  Typically,  the  use  of  a  250  pm 
thick  ceramic  layer  can  provide  about  200°C  temperature 
reduction  on  the  metallic  part,  thus  prolonging  its  lifetime, 
reducing  thermal  transients,  etc.  [1], 

Up  to  now,  most  of  the  efforts  dedicated  to  thermal  barrier 
coatings  have  been  focused  on  the  obtention  of  performant 
reliable  systems  and  a  predominantly  empirical  approach  has 
permitted  their  introduction  in  service  even  on  highly  stressed 
components  such  as  first  stage  blades  [2], 

Only  recently,  as  witnessed  for  instance  by  the  dedication  of  a 
full  session  during  a  recent  TBC  workshop  [3]  and  on-going 
research  programmes  [4],  significant  attention  has  been 
increasingly  directed  towards  characterising,  understanding  and 
lowering  thermal  conductivity,  an  altogether  essential  property 
for  these  systems. 

Zirconia-based  thermal  barrier  coatings  exhibit  already  low 
thermal  conductivities  (typically  between  1  and  2  W/m.K). 
These  low  values  of  thermal  conductivity  arise  both  from  the 
intrinsic  value  of  dense  partially  (and  fully)  stabilised  zirconia 
materials  and  from  the  heterogeneous  microstructure  of  the 
coatings  deposited  by  plasma  spraying  or  EBPVD  (electron 
beam  physical  vapour  deposition). 

The  introduction  of  a  stabiliser,  required  to  avoid  the  detrimental 
effect  of  monoclinic  to  tetragonal  phase  transformation  at  typical 
service  temperature,  is  accompanied  by  the  incorporation  of  a 
substantial  amount  of  vacancies.  Thus,  in  the  case  of  yttria 
stabilised  zirconia,  the  substitution  of  two  tetravalent  zirconium 
ions  by  trivalent  yttrium  ions  is  accompanied  by  the 
incorporation  of  one  oxygen  vacancy.  For  PSZ  containing  8wt% 


Y2C>3,  this  corresponds  to  a  vacancy  content  of  the  order  of  4.4 
mol.%,  providing  an  efficient  source  of  scattering  for  phonon 
propagation.  This  also  explains  why  the  thermal  conductivity  of 
these  materials  is  a  decreasing  function  of  the  yttrium  content  (at 
least  for  relatively  low  stabiliser  contents  [5,  6]).  Another  way  of 
decreasing  the  intrinsic  thermal  conductivity  of  ceramic  layers 
would  be  to  substitute  zirconium  ions  with  heavier  metallic  ions 
[7,  8],  an  approach  followed  by  Maloney  et  al.  [9]  with  a  work 
on  Ce02-Y203  system,  at  the  expense  though  of  an  increase  in 
density. 

Another  efficient  way  to  decrease  the  thermal  conductivity  of  a 
material  is  to  introduce  microstructural  defects  such  as  pores, 
voids,  microcracks  which  constitute  obstacles  against  the 
through-thickness  heat  transfer  propagation.  Fortunately,  the 
presence  of  such  defects,  produced  during  fabrication,  seems  to 
be  indispensable  for  the  thermomechanical  resistance  of  these 
systems.  It  is  doubtful  however  that  their  distribution  in  existing 
coatings  is  optimised  regarding  the  thermal  properties  and,  in 
order  to  design  more  performant  TBCs,  it  now  appears 
necessary  to  be  able  to  characterise  and  understand  the 
relationship  between  thermal  conductivity  and  microstructural 
features  constituting  these  heterogeneous  materials. 

It  must  be  reckoned  that  guidelines  that  can  be  derived  from  the 
literature,  in  particular  from  models  relating  morphology 
(porosity)  and  thermal  conductivity  of  solid  materials  are  of 
limited  usage  in  the  case  of  thermal  barrier  coatings  due  to  the 
complexity  of  the  microstructures. 

A  variety  of  models  have  been  developed  to  estimate  the  thermal 
conductivity  of  multiphased  solids,  in  particular  porous 
materials.  Most  of  them  assume  the  material  constituted  of  a 
dispersion  of  a  more  or  less  concentrated  and  randomly 
distributed  second  phases.  While  early  models  proposed  by 
Maxwell  [10],  Eucken  [11],  Russel  [12]  and  Bruggeman  [13]  for 
example,  consider  only  spherical  particles,  improved  versions 
elaborated  by  Murabayashi  [14],  Schulz  [15],  Koh  and  Fortini 
[16],  Cunningham  [17]  and  McLachlan  [18]  consider  ellipsoids 
characterised  by  shape  and  orientation  factors. 

As  a  general  rule,  the  thermal  conductivity  X  of  a  porous  solid 
derived  with  these  models  can  be  expressed  as  : 

X/Xq  =  f  ( s,  nf) 

where  X0  is  the  thermal  conductivity  of  the  pore-free  solid,  e  is 
the  volume  fraction  of  the  pores  and  n,  are  adjustable 
parameters,  to  be  determined  empirically,  related  to  the  shape 
and/or  orientation  of  pores . 

To  evaluate  the  validity  of  these  models,  several  authors  have 
examined  the  analytical  results  given  by  some  of  these  models  in 
light  of  experimental  values  on  different  systems  [19,  20,  21,  for 
example].  Examining  experimental  data  on  alumina,  graphite, 
uranium  dioxide,  sandstone,  silica  brick  and  limestone,  and  with 
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porosity  up  to  75%,  Rhee  [19]  found  a  satisfactory  correlation 
with  the  equation  proposed  by  Aizanov  and  Domashnev  [22], 
For  El-Fekey  et  al.  [20]  who  evaluated  the  Maxwell,  Loeb  and 
Murabayashi  models  on  thoria  compacts  with  porosities  up  to 
46%,  the  Murabayashi  model  [14]  yields  the  best  result  among 
the  three.  More  recently,  Jackson  et  al.  [21]  found  that 
McLachlan’s  equation  [18]  comes  closest  to  modelling  the 
experimentally  measured  thermal  conductivity  of  A1N-Ln203 
systems. 

Remarking  that  the  experiments  considered  may  not  be  suited  to 
determine  the  quality  of  theoretical  calculations,  due  to  various 
experimental  inaccuracies  and  simplifications,  Bakker  et  al  [23] 
have  computed  the  influence  of  pores  of  different  shapes 
(cylinders,  spheres,  ellipsoids)  with  the  FEM  technique.  The 
comparison  with  the  equations  describing  the  effect  of 
inclusions  on  the  overall  thermal  conductivity  shows  that  the 
analytical  equation  of  Schulz  [15]  gives  a  good  description  of 
such  materials. 

A  full  review  of  all  the  models  is  beyond  the  scope  of  this 
article.  However,  the  puzzling  diversity  of  conclusions  derived 
by  these  authors  point  out  to  the  fact  that  all  these  models  with 
simple  algebraic  expressions  assume  that  the  porosity  can  be 
experimentally  assessed  with  a  very  limited  number  of 
parameters  (the  pore  volume  fraction  s  and  adjustable 
parameters),  which  singularly  restricts  their  predictive  capacity. 

To  overcome  these  shortcomings,  several  authors  have 
developed  more  sophisticated  theoretical  approaches  as  well  as 
finite  element  calculations  to  estimate  the  effective  thermal 
conductivity  of  multiphase  materials. 

Tzou  [24]  estimated  the  thermal  conductivity  starting  from  a 
general  field  theory  (supposing  uniformly  distributed  internal 
cavities),  deriving  tractable  analytical  expressions  for  simple 
pore  geometries,  i.e.  insulated  spherical  cavities  and  penny¬ 
shaped  cracks. 

In  a  more  sophisticated  approach,  Furmanski  [25]  developed  an 
effective  macroscopic  description  for  heat  conduction  in 
heterogeneous  materials  using  an  averaging  technique  and 
Green’s  function  method  and  applied  it  to  describe  a  model 
composite  with  randomly  oriented  parallelepiped  inclusions 
distributed  in  an  epoxy  matrix. 

The  expressions  obtained  with  these  approaches  become  readily 
complex  and  apparently  they  have  been  used  up  to  now  only  in 
the  case  of  uniform  distributions  involving  rather  simple 
geometrical  shapes  for  the  pores  (ellipsoid,  cubes).  For  materials 
having  complex  pore  microstructures,  such  as  those  met  in 
plasma  sprayed  coatings,  and  in  order  to  be  closer  to  the  real 
structure  (interconnected  porous  structure),  however,  numerical 
schemes  appear  to  be  the  most  promising  approaches. 

With  the  objective  of  extending  the  rather  simple  analytical 
approaches  (and  poorly  predictive)  proposed  by  McPherson  [26] 
and  by  Moreau  et  al.  [27]  on  the  thermal  conductivity  of  plasma 
sprayed  coatings  (and  later  improved  by  Bjomeklett  et  al.[28]), 
Hollis  [29]  developed  a  numerical  scheme  in  which  the  actual 
pore  structures  of  vacuum  (VPS)  and  air  (APS)  plasma  sprayed 
tungsten  coatings  are  used  as  the  basis  of  finite-element  models 
to  calculate  the  effect  of  pores  on  the  thermal  conductivity  of 
plasma  sprayed  coatings.  If,  for  VPS  coatings,  whose  pore 
distribution  and  shapes  are  relatively  simple,  this  approach  gives 
a  reasonable  agreement  between  calculated  and  experimental 
values  (respectively  70%  and  60%  of  the  bulk  value),  for  APS 
coatings,  instead,  a  large  discrepancy  exists  between  calculated 


and  measured  values.  This  is  attributed  to  the  complex  pore 
structure,  which  cannot  be  properly  taken  into  account  by  the 
limited  areas  on  the  cross  sectional  micrographs  serving  as  input 
information  into  the  calculation. 

In  a  study  on  the  thermal  conductivity  of  U02  pellets,  Bakker 
[30]  used  a  finite  element  method  to  compute  the  conductivity  of 
a  matrix  containing  a  dispersed  phase  (pores).  Starting  from  a 
photograph  of  a  cross  section,  the  microstructure  of  the  material 
is  described  as  a  triangular  mesh  used  as  input  data.  Arbitrary 
temperatures  are  imposed  on  the  upper  and  lower  boundaries  of 
the  corresponding  area  (other  boundaries  are  taken  adiabatic) 
and  the  FEM  program  computes  the  conductivity  from  the 
thermal  flux  profile.  As  explained  later,  it  remains  doubtful 
whether  this  type  approach  can  be  extended  to  large  areas, 
keeping  memory  storage  reasonable. 

In  the  work  presented  here,  the  objective  was  to  develop  and 
evaluate  an  alternative  approach,  based  on  a  finite-difference 
calculation  for  computing  the  thermal  conductivity  of  thermal 
barrier  coating,  using  as  input  data  digitised  images  of  the  real 
material.  With  this  method,  the  morphology  of  the  ceramic 
coating,  as  complex  as  it  can  be,  is  properly  taken  into  account. 

2.  CHARACTERISATION  OF  TBCs  POROUS 
STRUCTURE 

In  order  to  provide  data  to  the  thermal  conductivity  calculation 
software,  reliable  procedures  have  been  developed  to  quantify 
the  real  TBCs  porous  structure.  The  success  of  the  modelling 
strongly  depends  on  the  accuracy  and  reliability  of  the  results  of 
these  procedures.  The  complete  microscopic  characterisation  of 
the  TBC  morphology  involves  numerous  steps  as  sample 
preparation,  image  acquisition,  image  analysis  and  validation 
with  macroscopic  porosity  determination. 

Sample  preparation 

A  correct  and  reproducible  metallographic  preparation  of  plasma 
sprayed  Zr02  coatings  is  not  straightforward  but  is  essential  for 
obtaining  a  representation  of  the  real  porous  structure.  Porosity 
determination  by  quantitative  image  analysis  and  numerical 
calculation  of  the  thermal  conductivity  will  give  reliable  results 
provided  that  no  error  is  introduced  at  the  sample  preparation 
stage. 

Materials 

All  investigations  are  performed  on  a  1  mm  thick  free  standing 
TBC  plasma  sprayed  by  SNECMA,  initially  on  aHastelloyX 
substrate  without  any  bondcoat.  The  powder  is  a  commercial  8 
weight%  yttria  partially  stabilised  zirconia  spray  dried  powder 
(HCST  Amperit  827.423). 

Sample  preparation 

The  following  procedure  has  been  set  up.  The  free  standing 
coating  is  vacuum  impregnated  (Struers/Epovac,  P-100  mbar) 
with  a  superfluid  epoxy  dye  (Struers/Epofix  301)  before 
sectioning.  Sample  slices  are  then  cut  off  with  a  precision  saw 
(Struers/Accutom-2)  using  a  thin  diamond  wheel  and  the  lowest 
rotation  and  sample  forward  speeds  to  avoid  any  damage.  The 
slices  are  then  manually  polished  according  to  the  following 
steps  :  1200  then  4000  SiC  papers  for  grinding,  polishing  using 
a  3  pm  diamond  spray  first  on  a  hard  cloth  (Struers/Pan  W,  blue 
lubricant)  then  on  a  smoother  cloth  (Struers/DP-Mol,  pink 
lubricant),  final  polishing  with  a  'A  pm  diamond  paste. 
Polishing  quality  and  absence  of  pull-outs  are  checked  with  light 
microscopy  after  each  step.  For  scanning  electron  microscopy 
observations  a  ~20  nm  thick  conducting  carbon  layer  is  vacuum 
sputtered  within  a  Balzers  MED0 1 0  unit. 
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Image  acquisition 

Cross  sections  of  TBC  prepared  as  previously  described  have 
been  observed  in  a  digital  scanning  electron  microscope 
(Zeiss/DSM960).  Backscattered  electron  mode  is  chosen 
preferentially  to  secondary  electron  mode  due  to  the  higher 
contrast  between  zirconia  matrix  and  porosity  (pores  and 
cracks).  The  adopted  acquisition  conditions  are  the  following : 
15  kV  acceleration  voltage,  9  mm  working  distance,  «low» 
electron  current.  Brightness  and  contrast  are  adjusted  in  order  to 
obtain  a  reproducible  grey  level  histogram  (Fig.  1).  Two 
magnification  levels  (180x180  pm2 ;  45x45  pm2)  and  two  image 
resolutions  (512x512  or  1024x1024  pixels)  have  been  used  for 
characterising  the  TBCs  morphology.  Their  influence  will  be 
discussed  later  on  (see  §  4). 

Signal  to  noise  ratio  is  increased  by  pixel  averaging  so  that  a 
1024x1024  pixels  image  acquisition  takes  about  400  seconds. 
Image  acquisition  is  fully  automated  owing  to  computer  assisted 
stage  displacement.  This  allows  a  statistical  characterisation  of 
the  samples. 

Image  analysis 

Image  analysis  procedures  have  been  developed  with  two 
objectives : 

•  provide  binary  images  of  TBC  cross  sections  which  will  be 
used  directly  as  input  data  for  the  thermal  conductivity 
calculation  software, 

•  quantify  the  porous  structure  in  such  a  way  as  to  be  able  to 
determine  the  contribution  of  each  morphological  feature  to 
the  thermal  conductivity  of  a  thermal  barrier  coating. 

This  will  be  the  starting  point  for  modelling  thermal 
conductivity  as  a  function  of  the  morphology. 

Thresholding 

The  transformation  of  SEM  grey  level  images  into  binary  images 
is  the  key  step  on  which  depends  the  reliability  of  the  subsequent 
results.  The  threshold  level  is  manually  fixed  on  images  with 
optimised  and  reproducible  grey  level  histogram  (Fig.  1). 

This  last  one  contains  two  peaks  :  a  very  sharp  and  intensive 
peak  at  the  0  level  (black  level)  corresponding  to  the  majority  of 
the  globular  pores  and  a  wider  one  centred  at  middle  grey  levels 
which  includes  cracks  and  zirconia  matrix. 


Grey  Level 


Figure  1 :  Grey  level  histogram. 

The  adopted  threshold  level  which  accounts  for  the  whole 
porosity  (pores  and  cracks)  corresponds  to  the  beginning  of  the 
lightening  of  isolated  pixels  in  the  solid  phase  (Fig.  2).  This 
ensures  its  reproducibility. 


Figure  2:  Thresholding. 
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Porosity  separation 

This  procedure  is  based  on  opening  and  reconstruction  image 
analysis  operations.  It  creates  three  new  images  from  the  initial 
thresholded  image  :  one  containing  the  dispersed  globular  pores, 
one  with  the  crack  network  and  one  with  the  globular  pores  and 
the  cracks  directly  connected  to  them. 

This  fully  automated  procedure  will  be  widely  used  to  determine 
the  contribution  of  each  morphological  feature  to  the 
conductivity  (see  §  4).  A  still  more  precise  description  can  be 
achieved  using  the  following  procedure. 

Porosity  reconstruction 

From  an  initial  parent  binary  image  it  is  possible  to  derive  a 
series  of  images  (about  300  or  more  according  to  the 
morphology  complexity)  with  evolving  porosity.  This  is  done  by 
applying  a  sequence  of  erosion  image  analysis  operations  to  the 
parent  image  which  leads  to  a  final  image  containing  only 
« ultimate  erodeds  ».  These  pixels  exactly  correspond  to  the 
globular  pore  centroids.  Starting  from  this  new  image,  a  step  by 
step  reconstruction  of  the  porous  features  creates  the  derived 
images.  The  operation  is  ended  when  the  initial  total  porosity  is 
completely  reconstructed  (Fig.  5). 

An  application  of  this  procedure  in  relation  with  the  thermal 
conductivity  computation  will  be  shown  in  the  last  section. 

Image  assembling 

This  algorithm  is  developed  to  provide  large  size  images  of  the 
samples  which  are  more  representative  for  the  conductivity 
calculation.  This  is  done  by  an  automatic  search  of  maximal 
overlap  between  two  binary  images  from  contiguous  and  slightly 
overlapping  fields. 


Analysis  of  globular  pores 

Each  individual  globular  pore  is  characterised  by  a  set  of 
parameters  (area,  perimeter,  Feret’s  diameters,  number  of 
neighbours,...).  In  this  way  different  pore  distributions  (in 
number,  surface,...)  can  be  obtained  (Fig.  3). 
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Figure  3:  Globular  pore  distribution  (%  of  particles 
versus  areal 

Analysis  of  the  crack  network 

This  procedure  is  based  on  the  « skeletonization »  (image 
analysis  terminology)  of  the  crack  network,  followed  by  a 
decomposition  in  juxtaposed  segments  of  minimal  fixed  length. 
A  distribution  of  these  segments  with  regards  to  their  orientation 
is  then  available  (Fig.  4). 


Figure  4:  Segment  orientation  (average  of  segment 
length  versus  angle) 


Porosity  determination 

The  total  porosity  of  a  TBC  can  be  estimated  from  binary 
images  of  cross  sections  using  image  analysis  provided  that  the 
number  of  analysed  fields  is  statistically  relevant.  A  total  of  105 
images  (180x180  pm2 ;  1024x1024  pixels)  corresponding  to  two 
transverse  perpendicular  cross  sections  have  been  considered. 
The  mean  porosity  value  obtained  for  this  image  set  is  1 5%  with 
a  2%  standard  deviation. 

Furthermore  the  volumetric  total  porosity  of  the  whole  free 
standing  coating  (60x45x1  mm3)  has  been  determined  to  12+1  % 
from  water  immersion  experiments  and  X-ray  diffraction 
theoretical  density  data.  Closed  porosity  is  less  than  1  %. 

The  relatively  good  agreement  between  image  analysis  results 
and  volumetric  porosity  shows  that  the  sample  preparation 
procedure  as  well  as  the  thresholding  one  do  not  introduce  too 
many  artefacts.  The  higher  value  obtained  by  image  analysis  is 
attributed  to  some  remaining  pull-outs  and  mostly  to  the  fact  that 
backscattered  electron  detection  slightly  enlarges  the  narrowest 
cracks. 


Start:  centroids  from  globs 


Reconstruction  to  globs 

♦ 


Reconstruction  to  globs  and  linked  cracks 
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3.  NUMERICAL  COMPUTATION  OF  THE  THERMAL 
CONDUCTIVITY 

It  has  been  shown  that  the  morphology  of  a  zirconia  plasma 
sprayed  coating  is  relatively  complex  in  so  far  as  it  involves 
dispersion  of  pores  with  various  sizes  and  shapes  and  connected 
crack  network.  As  we  are  concerned  with  the  influence  of 
morphology  on  thermal  conductivity  and  we  want  all  the 
morphological  information  obtained  with  SEM  to  be  taken  into 
account,  the  modelling  method  must  face  this  structure 
complexity  without  oversimplification. 

Analytical  or  empirical  models  mentioned  in  the  introduction 
only  deal  with  simplified  geometrical  shape  dispersions  and  are 
not  well  suited  for  connected  porosity.  The  variety  of  pore 
structure  families  does  not  allow  an  efficient  use  of  such  models, 
which  are  generally  restricted  to  one  simple  type  of  shapes  and 
cannot  handle  connectivity  effects  with  a  fair  accuracy. 

Computations  on  very  complex  geometry  are  tractable  with 
some  numerical  methods.  The  finite-element  method  is  well 
known  for  its  possibilities  in  this  field.  Recent  works  [29,30] 
demonstrate  these  capabilities  by  computing  the  thermal  and 
electrical  conductivities  of  porous  metals  or  metallic  oxides. 

The  finite-element  method,  among  others,  uses  a  grid 
representation  of  the  geometry.  The  mesh  properties  of  this  grid 
are  however  submitted  to  some  constraints.  Then  its  application 
to  very  complex  shapes  may  lead  to  some  difficulties.  As  each 
shape  to  be  modelled  must  be  decomposed  in  simple  geometric 
elements  (triangles  or  quadrilaterals),  the  resulting  amount  of 
nodes  and  meshes  may  become  tremendous  when  the  geometry 
presents  very  small  details.  For  example  the  minimal  shape  that 
we  may  encounter  is  a  single  square  of  one  pixel  size.  If  we 
want  to  decompose  it  in  triangular  or  quadrilateral  meshes,  this 
single  pixel  produces,  at  least,  four  nodes.  Continuity 
constraints  on  the  neighbouring  meshes  may  impose  some  grid 
refinements  on  the  vicinity  of  this  isolated  pixel,  even  if  the 
closest  shapes  are  very  large.  As  a  consequence  the  resulting 
mesh  density  in  the  area  close  to  this  square  may  become  very 
high.  For  thin  cracks  (their  minimal  thickness  is  one  pixel)  this 
may  lead  to  more  dense  mesh  distribution  and  untractable 
continuity  constraints.  Therefore,  as  the  solution  methods  are 
generally  global  (e.g.  they  are  often  reduced  to  a  minimisation 
problem),  the  associated  algebraic  system  may  reach  an 
impracticable  size.  So  the  finite  element  method  seems  to  be 
difficult  to  apply  in  our  field  of  study  if  no  restriction  on  the 
geometry  is  acceptable. 

On  the  other  hand,  the  standard  finite-difference  method  seems 
to  undergo  equivalent  restrictions  as  it  needs  some  grid 
representation,  and  therefore,  some  specific  processing  on  the 
internal  boundaries  (e.g.  boundaries  between  porosity  and 
matrix). 

However,  this  can  be  overcome  if : 

•  the  grid  can  be  constructed  directly  from  the  input  data 
image, 

•  the  discretisation  does  not  need  specific  processing  on 
internal  boundaries, 

•  the  resulting  set  of  algebraic  equation  remains  practicable. 

Specific  implementation  of  the  finite  difference  method 

The  grid  construction  may  be  reduced  to  a  very  simple  process  if 
we  use  a  regular  uniform  mesh  grid  where  nodes  are  simply 
defined  by  the  pixels  (square  pixels)  of  the  input  image.  With 
such  a  grid  no  geometric  internal  boundary  information  is 
associated  with  meshes.  These  information  are  related  to  the 


properties  of  each  node  (e.g.  the  local  thermal  conductivity)  and 
are  stored  as  coefficients  of  the  partial  derivative  equation  to  be 
solved.  The  schematic  representation  of  our  problem  is  shown 
on  figure  6 : 


T-TO 


Figure  6:  Problem  definition. 

Then  we  have  to  build  the  finite-difference  equation  to  be  solved 
for  each  node.  This  is  done  by  means  of  the  well  known  five 
points  scheme,  that  is  : 

(A(i  j)  +B(i,j)  +C(i,j)  +D(ij))T(i  j) 

A(i,j)T(ij-l)+B(i,j)T(i-l,j) 

+C(ij)T(i,j+l)+D(i,j)T(i+l,j) 

If  we  do  not  want  to  treat  the  discontinuities  of  these  A,B,C,D 
coefficients  with  specific  equations  occurring  when  the  local 
conductivity  exhibits  a  step,  an  implicit  way  has  to  be  found.  For 
example  the  well  known  [31]  five  weighted  conductivities 
scheme  widely  used  in  variable  (but  continuous)  properties 
problems  where  the  coefficients  are  defined  by  : 

A(i  j )=  1  /2(X(i,j- 1  )+2c(i,j )) ; 

B(i,j)=l/2(A(i-l  j)+  A(ij)) ; 
C(ij)=l/2(A(iJ+l)+  X(iJ)) ; 
D(i,j)=l/2(X(i+l,j)+(L(i,j)). 

and  which  is  of  second  order  (for  continuous  properties)  is  not 
applicable  in  our  case  because  it  smoothes  the  discontinuities. 
Indeed,  one  can  easily  see  that  for  small  sized  (e.g.  one  or  two 
pixel  thickness)  objects  this  scheme  leads  to  erroneous  values  as 
no  node  is  assigned  its  real  conductivity. 

More  suited  schemes  can  be  constructed  using  asymmetrical 
distributions  of  conductivity.  For  example  the  Upper  Left 
scheme  we  commonly  use  is  defined  by  : 

A(i,j)=X(i,j-l) ; 

B(i  j  )=A.(i- 1  j ) ; 

C(i,j)=A,(ij) ; 

D(i,j)=L(i,j) . 

Four  first  order  distinct  schemes  can  be  constructed  on  this  basis 
(the  four  comer  implementations).  It  can  be  shown  that  they  lead 
to  a  space  transformation  in  the  neighbourhood  of 
discontinuities  as  they  operate  a  small  translation  along  bisectrix 
of  ij  axes.  For  random  geometries  they  are  not  strictly 
equivalent  as  they  produce  small  variations  (about  1CT4  or  less) 
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of  the  resulting  computed  conductivities,  but  as  we  will  see 
below  (Fig.  9)  this  is  not  the  most  critical  source  of  uncertainties 
in  the  present  problem. 


For  the  main  boundaries  (e.g.  the  boundaries  where  Dirichlet  or 
Neumann  conditions  are  applied)  we  use  the  standard  method, 
that  is  the  image  method  based  on  the  same  scheme  for 
Neumann  condition  (the  Dirichlet  condition  does  not  need  any 
computation  as  T  is  imposed). 


When  the  temperature  is  known  for  each  node,  the  average  or 
equivalent  thermal  conductivity  of  the  whole  domain  is 
computed  from  : 


where  e  is  the  height  and  1  the  width  of  the  domain,  the 
integration  being  done  on  one  of  the  horizontal  boundaries.  The 
space  step  being  constant,  that  integration  can  be  performed  with 
standard  quadrature  formulas. 

The  solver 

The  proposed  scheme  leads  to  a  set  of  Nx-2*Ny  linear  equations 
to  be  solved.  As  we  are  concerned  with  large  values  of  Nx  and 
Ny  (computation  with  Nx~4200  and  Ny-5100  has  been 
performed),  the  solver  has  to  be  as  efficient  as  possible. 

The  first  difficulty  is  to  have  the  most  compact  form  of  the 
problem  in  order  to  reduce  memory  occupation.  This  can  be 
done  efficiently  by  reducing  the  coefficient  storage. 


They  can  be  implemented  without  extra  storage  so  our  criterion 
is  satisfied.  Provided  that  we  are  able  to  find  some  well  suited 
(Fig.  7)  convergence  acceleration  parameter  (over-relaxed 
Gauss-Seidel  method),  they  can  outperform  matrix  methods 
when  applied  on  scalar  or  superscalar  computer  [33],  but  they 
are  notably  less  efficient  when  deep  vectorisation  is  allowed. 

So  we  have  implemented  an  over-relaxed  Gauss-Seidel  solver 
which  allows  the  solution  of  problems  with  sizes  up  to  about 
6000x6000  on  our  512Mo  RAM  workstation.  With  the 
commonly  used  SEM  magnification  this  theoretically  allows  the 
computation  of  TBC  conductivity  for  thick  samples  (1 .2x1 .2 
mm2),  or  extended  areas  of  relatively  thin  coatings  (for  example 
0.20x36mm2). 


Gauss-S«idel  over-relaxation  factor 


Figure  7:  Convergence  acceleration  parameter. 


With  the  definition  of  A,B,C,D  we  have  seen  before,  it  can 
easily  be  shown  that,  for  a  simple  diphasic  problem,  we  have  to 
store  only  23  +  22  +  23  different  configurations.  So  the  storage  for 
A,B,C,D  can  be  drastically  reduced  provided  that  we  can  store 
some  case  index  for  each  node. 


For  huge  problems,  the  main  limitation  is  the  duration  of 
computation.  The  following  table  shows  computation  duration  in 
seconds  for  a  standard  1024x1024  problem  with  104  precision 
criterion  (e.g.  the  convergence  criterion  on  heat  flux  in  relative 
form),  for  three  different  superscalar  computers  : 


As  this  case  number  is  in  the  range  of  tens,  an  array  of  bytes  is 
convenient.  So  the  minimal  storage  required  is  : 

•  one  Nx*Ny  double  precision  array  for  T, 

•  one  Nx*Ny  byte  array  for  case  markers, 

•  4*20  double  precision  scalars  for  coefficients, 

•  one  Nx*Ny  byte  array  for  input  data. 


HP9000/780 

DEC  Alpha  500 

Pentium  Pro 

260 

405 

1164 

The  computation  was  achieved  with  3000  iterations  using  a 
convergence  acceleration  parameter  of  1.997.  The  maximal 
residual  error  on  heat  flux  (relative  value)  was  about  9.4.1 0'5. 


This  is  about  10  Moctets  for  a  1024x1024  problem  and  up  to 
210  Moctets  for  a  4200x5100  problem.  So  if  the  solver  does  not 
need  intermediate  storage,  we  expect  that  such  problems  can  be 
solved  on  common  256Mo  RAM  computers.  The  solution 
method  may  be  chosen  with  respect  to  this  criterion.  The  two 
common  approaches  for  this  kind  of  solver  are  iterative  matrix 
methods  and  iterative  by  points  methods. 

The  first  kind  is  well  represented  by  the  conjugate  gradient 
method  [32]  which,  as  other  matrix  methods,  does  not  satisfy 
our  criterion.  It  needs,  at  least,  two  or  three  times  the  minimal 
storage  defined  above.  So  the  maximal  dimensions  of  the 
problems  we  could  solve  with  such  methods  would  be  reduced 
by  a  factor  of  V2  or  V3.  Alternatively,  we  would  need  some 
supercomputer.Therefore,  matrix  methods  are  very  efficient  on 
computers  with  high  vectorisation  capabilities  (as  Cray  for 
example),  but  seems  to  be  less  attractive  on  scalar  or  superscalar 
computers  (such  as  common  workstations)  [33], 

The  second  kind  is  commonly  known  as  the  Gauss  or  Gauss- 
Seidel  method  [32]. 


One  can  consider  this  case  as  the  simplest  one  because  the  input 
data  image  was  of  medium  complexity.  For  higher  complexity 
input  the  maximal  computation  time  may  be  twice  the  indicated 
time.  For  the  4200x5100  problem  we  have  solved  only  on  the 
HP  workstation,  the  computation  time  was  about  1 0  hours  in  the 
most  difficult  case.  Notice  that  the  complexity  (which  can  be 
evaluated  as  some  function  of  the  number  of  porous  objects) 
increases  roughly  as  the  area  of  the  domain.  Despite  that,  the 
relation  between  the  size  of  the  domain  and  the  computation 
time  which  is  a  power  function  of  the  maximal  dimension  of  the 
domain  exhibits  an  exponent  close  to  3,  which  is  the  theoretical 
value  for  the  over-relaxed  Gauss-Seidel  method. 

The  initial  value  for  T  may  also  strongly  influence  the  speed  of 
convergence.  Our  standard  initialisation  is  the  temperature 
distribution  for  the  homogeneous  medium.  A  possibly  more 
efficient  initial  distribution  may  be  constructed  from  the 
Richardson’s  extrapolation  concept  [34],  Let  T 1/2  be  the  solution 
of  the  problem  for  the  domain  reduced  by  a  factor  2  in  each 
dimension  (e.g.  we  compute  only  one  node  out  of  two).  This 
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solution  may  be  achieved  within  a  time  tc/8,  where  tc  is  the 
computation  time  for  the  whole  problem  . 

The  values  of  T  are  then  determined  on  alternate  nodes  using 
bilinear  interpolation.  The  global  cost  of  these  two  operations 
remains  close  to  tc/8.  As  we  do  not  need  an  "exact”  solution 
for  Tj/2,  we  can  reduce  the  precision  criterion  in  order  to  reduce 
this  time.  So  the  initial  data  construction  has  a  cost  less  than 
tc/10  for  example.  Our  major  expectation  is  that  such  an 
initialisation  would  be  very  close  to  the  whole  solution  T.  Then 
the  amount  of  computation  needed  to  obtain  T  would  be 
substantially  reduced. 


Experiments  have  shown  that  the  effective  global  computation 
time  may  be  reduced  by  a  factor  of  about  2  for  low  complexity 
input  (globular  porosity  for  example).  For  higher  complexity 
input  the  time  reduction  is  often  imperceptible  as  small  details 
(cracks  for  example),  which  are  partially  lost  in  the  T->  T1/2 
input  transformation,  have  a  major  contribution  to  the  whole 
solution.  So  this  is  not  a  very  efficient  method  for  the  reduction 
of  computation  duration  because  of  its  lack  of  generality. 


Computation  output 

The  computation  program  outputs  some  convergence 
information  and  the  computed  equivalent  thermal  conductivity. 
Therefore,  the  resulting  array  of  temperatures  is  saved  in  a 
compacted  binary  file.  This  file  can  be  read  by  another  program 
for  visualisation  purpose.  The  temperature,  its  gradient,  and  the 
heat  flux  can  be  visualised  by  means  of  isovalue  representation 
as  shown  on  figure  8. 


Figure  8:  Heat  flux  representation. 


Thermal  conductivity  computations 
MP70A  square  Adds,  500X  magnification. 


Figure  9:  Thermal  conductivity  versus  resolution. 


extra  1024x1024  image  (referenced  1-2)  is  obtained  from  the 
512x512  one  by  a  pixel  duplication  technique.  The  computed 
conductivity  is  a  decreasing  function  of  the  resolution  whereas 
the  toral  porosity  is  nearly  a  constant.  As  results  for  the  512x512 
and  the  1-2  cases  are  quasi  identical  we  can  assert  this  is  not  a 
discretisation  effect.  The  main  justification  we  found  is  the  loss 
of  small  morphological  details  (loss  of  crack  continuity  for 
example)  which  results  from  the  resolution  decrease  but  does 
not  strongly  affect  the  total  porosity.  The  computed  conductivity 
seems  to  be  related  to  the  resolution  by  : 


K  -  ^inf  + 


a 

~N 


where  ^inf  is  the  value  we  would  obtain  for  an  ideal  resolution 
and  N  is  the  resolution  expressed  as  the  number  of  pixels  on  one 
side  of  the  image.  Thus  we  are  able  to  find  a  resolution 
independent  value  of  the  thermal  conductivity  for  each  field  if 
we  have  two  different  resolution  input  images.  This  is  an  easy 
thing  to  do  as  a  512x512  input  image  can  be  constructed  from  a 
1024x1024  one  by  pixel  destruction.  So  all  the  following  results 
are  presented  with  three  values  (the  1024  resolution,  the  512 
resolution  computed  values  and  the  ideal  resolution  extrapolated 
value)  for  the  computed  conductivities. 

The  matrix  thermal  conductivity  problem 
The  second  problem  concerns  the  conductivity  data  of  the 
different  phases.  For  the  computations,  the  needed  data  are  the 
morphology  and  the  thermal  conductivity  of  each  phase. 


Such  representations  performed  on  images  with  separated 
porosity  give  a  qualitative  useful  description  of  the  effect  of  each 
morphological  feature  on  the  heat  transfer  through  a  TBC. 

4.  APPLICATIONS 

Before  applying  these  tools  to  various  TBCs,  three  major  points 
have  to  be  considered. 

The  resolution  problem 

The  first  one  concerns  the  optimal  choice  for  input  image 
resolution.  As  figure  9  shows,  the  computed  conductivity 
strongly  depends  on  the  input  image  dimensions. 

Images  of  the  same  physical  field  with  various  resolutions  (e.g. 
256x256,  512x512,  1024x1024,  2048x2048  pixels)  lead  to  four 
inputs  which  have  been  used  for  conductivity  computation.  An 


For  the  porous  one,  we  can  use  the  thermal  conductivity  of  air 
which  is  well  known.  The  major  problem  is  for  the  zirconia 
matrix  thermal  conductivity.  At  present  only  bibliographical 
values  are  available.  They  fall  between  2  and  3  W.nf'.K'1  [5],  so 
the  related  uncertainties  on  computed  thermal  conductivities  are 
large.  Some  in-situ  evaluations  of  the  matrix  conductivity  are  in 
progress  by  means  of  microscopic  thermal  diffusivity 
measurements  on  real  TBCs.  They  may  lead  to  more  realistic 
values  of  matrix  properties  in  a  near  future.  In  the  meantime,  we 
have  used  an  arbitrary  value  of  2  W.nf’.K'1  for  all 
computations. 

The  2D  to  3D  effects 

The  third  point  is  related  to  restriction  on  actual  geometry.  All 
the  data  and  results  we  are  able  to  obtain  with  these  methods  are 
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two-dimensional.  Three-dimensional  effects  can  heavily  change 
the  conductivity  if  inclusions  have  geometrical  properties  which 
cannot  be  evaluated  with  two-dimensional  sections.  As  Bakker 
[29]  mentionned,  the  three-dimensional  problem  is  unreachable 
with  current  computers.  Therefore  the  construction  of  the 
relevant  three-dimensional  input  data  sets  would  be 
impracticable  with  the  resolution  we  use.  So  the  present  work  is 
limited  to  the  two-dimensional  approach.  Fractographies 
performed  on  plasma  sprayed  TBCs  suggest  that  the  cracks, 
which  are  responsible  of  the  main  conductivity  reduction,  have 
depth/width  ratios  far  exceeding  one  and  a  two-dimensional 
section  is  an  acceptable  representation  for  such  geometries.  But 
this  is  not  the  case  for  globular  porosity. 

Owing  to  these  various  uncertainties  the  computation  results 
have  to  be  considered  indicative  rather  than  exact. 

Results 

These  tools  were  first  applied  to  a  free  standing  TBC  plasma 
sprayed  by  SNECMA.  Extensive  analysis  and  computations 
were  done  on  such  coating  in  order  to  : 

•  test  and  validate  the  different  procedures, 

•  study  the  influence  of  different  classes  of  porosity  on 
thermal  conductivity. 

Thermal  conductivity  computations 
MP70A  serle  2.0  Wjn'.K."1) 


Figure  10:  Plasma  sprayed  TBC  computed  thermal 
conductivity  versus  porosity. 

A  set  of  35  adjacent  (1024x1024  pixels)  fields  was  obtained 
with  the  SEM.  The  thermal  conductivity  has  been  computed  on 
each  field  and  is  represented  versus  porosity  on  figure  10 


Thermal  conductivity  computations 
MP70A  serle  (gobuler)  (l„  2.0  W.jiT'.K.'1) 


Figure  1 1 :  Globular  porosity  contribution. 

(medium  line).  The  lower  line  corresponds  to  ideal  resolution 
images  and  is  derived  from  calculations  with  1024x1024  and 
512x512  resolutions  as  explained  above.  The  open  symbols 


correspond  to  the  thermal  conductivity  computed  from  the 
global  4234x5148  image  resulting  from  the  assembly  of  the  35 
fields  according  to  §2. 

The  first  important  result  is  that  the  average  values  of  the  35 
fields  computed  conductivities  are  very  close  to  those  obtained 
for  the  global  field  as  it  can  be  seen  on  figure  10. 


Thermal  conductivity  computations 
MT70A  serf*  (cracks)  (J^  2.0  W.nT'.k ') 


Figure  12:  Crack  contribution. 


Therefore  the  decomposition  in  small  (180x180  pm2)  domains 
with  somewhat  arbitrary  boundary  conditions  leads  to  a  correct 
estimation  of  the  equivalent  conductivity  of  a  larger  element  of 
TBC. 

The  second  important  result  comes  from  computations  done  for 
each  class  of  porosity  (Fig.  11  and  12). 

Thermal  conductivity  computations 

OM-MPTO 1 1000  ll.2.0W.m''.K'1) 


£ 


Figure  13:  Influence  of  porosity  class. 

For  almost  identical  porosity  content,  fields  containing  only  the 
crack  network  present  a  thermal  conductivity  10  to  30%  smaller 
than  that  of  fields  with  only  globular  pores.  Analysis  of 
computed  conductivities  reinforce  the  intuition  that  the  major 
conductivity  reduction  results  from  the  cracks  which  are  mostly 
oriented  in  a  direction  perpendicular  to  the  heat  flow  (see  Fig.  4) 
in  plasma  sprayed  TBCs. 

This  can  be  demonstrated  even  more  clearly  using  porosity 
reconstruction  (see  §2)  as  computation  input  (Fig.  13).  The  rate 
of  variation  of  the  thermal  conductivity  with  the  porosity  (e.g. 
d\Jdz)  strongly  depends  on  the  morphological  class. 

As  the  crack  family  has  the  highest  rate  of  variation  this  class  of 
porosity  is  the  most  efficient  in  reducing  thermal  conductivity  in 
the  case  of  plasma  sprayed  TBCs. 
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5.  CONCLUSION 

A  software  has  been  developed  for  the  computation  of  the 
thermal  conductivity  of  porous  coatings  (plasma  sprayed  TBCs) 
from  binary  images  of  real  material  cross  sections.  This 
approach  based  on  a  finite  difference  method  takes  directly  into 
account  the  actual  complex  morphology  of  the  ceramic  which  is 
mostly  original  with  regard  to  existing  models.  This  numerical 
model  is  able  to  determine  the  contribution  of  each 
morphological  feature  to  the  thermal  conductivity  and  therefore 
compare  different  microstructures  or  coating  architectures.  In  a 
near  future  it  will  be  associated  to  a  morphology  generator  for 
building  a  predictive  tool.  This  one  will  be  used  in  particular  by 
engine  manufacturers  as  guideline  for  modifying  coating 
spraying  conditions  in  order  to  obtain  specific  morphologies 
leading  to  optimised  coating  thermal  properties. 

It  is  important  to  note  that  this  approach,  developed  on  TBCs  is 
most  general  and  can  be  applied  to  a  variety  of  multiphase  media 
(refractories,  composites,  etc.). 
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SUMMARY 

Thermal  conductivity  is  an  important  design 
parameter  for  thermal  barrier  coatings. 
Accurate  thermal  conductivity  data  is  therefore 
required  to  ensure  proper  design  and  reliability  of 
gas  turbine  blades.  In  the  present  research, 
thermal  conductivities  of  A1203  and  8wt.%  Y203 
stabilized  Zr02  (8YSZ)  coatings,  including 
monolithic  and  multilayer  configurations,  made 
by  air  plasma  spray  (PS)  and  electron  beam 
physical  vapor  deposition  (EB-PVD)  techniques, 
were  determined  from  the  measurements  of 
thermal  diffusivity  and  specific  heat  as  a 
function  of  temperature.  Thermal  diffusivity 
was  determined  by  the  laser  flash  technique. 
Specific  heat  was  determined  by  a  Differential 
Scanning  Calorimeter  (DSC).  Detailed  analyses 
of  the  results  indicate  that  in  the  case  of  PS 
coatings,  the  thermal  conductivity  is  sensitive  to 
coating  density  (porosity),  interfaces  between 
splats  as  well  as  the  interface  between  the 
coating  and  the  substrate.  In  the  case  of  EB- 
PVD  coatings,  it  is  shown  that  the  multilayer 
conductivity  is  simply  a  series  representation  of 
monolithic  coatings,  provided  comparisons  are 
made  under  same  microstructural  condition. 
Further,  analyses  of  sensitivity  of  the  laser  flash 
technique  to  variations  in  the  coating  and  the 
substrate  parameters,  for  the  coatings  evaluated 
in  this  study,  were  also  performed.  The  results 
are  discussed  in  the  context  of  coating 
characteristics,  reference  conductivity  data  for 
dense  materials  and  the  sensitivity  of  the 
measurement  method  to  coating  parameters. 


1.  INTRODUCTION 

High  temperature  materials  are  often  protected 
by  the  use  of  thermal  barrier  coatings  (TBCs) 
[1-4].  These  coatings  are  applied  by  plasma 
spray  (PS)  or  electron  beam  physical  vapor 
deposition  (EB-PVD)  techniques  with  an 


intermediate  NiCoCrAlY  alloy  bond  coating  to 
improve  adherence  and  to  reduce  oxidation. 
The  principal  TBC  material  is  Zirconia  (Zr02) 
partially  stabilized  with  about  6  to  8  wt.%  Y203 
(hereafter  referred  to  as  “YSZ”;  for  example, 
8  YSZ  is  used  to  refer  to  Zr02  stabilized  with 
8wt.%  Y203.  Hereafter,  the  composition  of 
Y203  is  quoted  in  wt.%,  unless  otherwise 
indicated)  owing  to  its  reasonable  toughness  (due 
to  transformation  toughening),  low  density,  low 
thermal  conductivity,  high  melting  point,  and 
good  thermal  shock  resistance. 

Although  YSZ  has  low  thermal  conductivity,  yet 
further  reductions  in  thermal  conductivity  are 
caused  by  porosity  and  thermal  resistance  at 
imperfect  interfaces  in  the  coating.  However, 
there  has  been  limited  work  [5-9]  performed  to 
generate  an  understanding  of  the  coating  aspects 
that  influence  the  heat  transfer  characteristics. 
Additionally,  the  conductivity  data  reported  in 
the  literature  exhibit  significant  variations  due 
to  differences  in  processing  parameters  and 
microstructural  characteristics.  Among  the 
microstructural  variables  that  are  known  to  have 
an  effect  on  thermal  conductivity,  only  the 
effects  of  the  type  and  the  amount  of  stabilizer 
in  Zr02  has  been  studied  in  a  systematic  fashion 
[5,  7,  8].  Further,  microstructural  differences 
between  bulk  A1203  and  YSZ  and  the  coatings 
often  exacerbates  the  difficulty  in  the 
assessment  of  coating  thermal  conductivity. 

The  primary  objective  of  this  study  was  to 
understand  the  issues  involved  in  the  assessment 
of  thermal  conductivity  of  A1203  and  YSZ  made 
by  PS  and  EB-PVD  techniques.  For  this 
purpose,  thermal  conductivity  of  coatings  were 
studied  from  room  temperature  to  1000°C.  The 
results  are  analyzed  in  terms  of:  (i)  coating 
porosity,  (ii)  thermal  resistance  at  the 
interfaces,  (iii)  the  discrepancy  among  the 
thermal  conductivity  data  of  monolithic 
materials  and  (iv)  the  coating  microstructure 
relative  to  that  of  the  dense  materials.  The 


Paper  presented  at  an  AGARD  SMP  Meeting  on  “Thermal  Barrier  Coatings", 
held  in  Aalborg,  Denmark,  15-16  October  1997,  and  published  in  R-823. 
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reliability  of  the  conductivity  data  is  assessed  in 
terms  of  the  sensitivity  of  the  laser  flash 
technique  to  the  uncertainties  in  the  coating  and 
the  substrate  parameters. 


2.  EXPERIMENTAL  PROCEDURE 

Plasma-sprayed  coatings  were  obtained  by 
spraying  8YSZ  and  A1203  onto  3  mm  thick  Rene 
95  superalloy  substrates  measuring  62.5  mm  X 
12.5  mm.  Prior  to  deposition,  the  substrate 
surfaces  were  grit  blasted  to  improve  coating 
adherence.  Powders  of  8YSZ  (Metco  204NS; 
average  particle  size:  10  p.m)  and  A1203 
(Plasmalloy  Al-1010;  average  particle  size:  5 
pm)  were  used.  A  Plasma  Technik  Spray  system 
with  a  single  spray  nozzle  and  dual  powder  feeder 
was  employed.  Both  monolithic  and  multilayer 
coatings  involving  alternating  layers  of  A1203 
and  8YSZ  were  prepared.  The  coatings 
exhibited  residual  porosity.  Porosity  levels  were 
determined  using  measurements  of  coating  mass 
and  volume  as  well  as  by  image  analysis  and 
point  counting  techniques  on  optical 
micrographs.  To  determine  if  residual  porosity 
could  be  closed  by  sintering,  heat  treatment  of 
the  coatings  was  performed  at  1300°C  for  50  hrs 
in  a  furnace  under  flowing  argon.  For  this 
purpose,  10  mm2  size  samples,  cut  using  a 
diamond  wafering  blade,  were  employed.  The 
coatings  detached  from  the  substrate  as  units 
after  the  heat  treatment.  The  surfaces  of  the 
detached  coatings  that  corresponded  to  the 
coating-substrate  interfaces  were 

metallographically  polished  to  remove  the  metal 
oxide  layers  formed  during  the  heat  treatment. 
EB-PVD  coatings  were  made  by  electron  beam 
evaporation  of  high  purity  A1203  and  8YSZ 
sputtering  targets  on  to  CMSX-4  single  crystal 
superalloy  substrates.  The  substrate  temperature 
was  about  300-500°C  during  the  deposition 
process.  Both  monolithic  and  multilayer 
coatings  involving  alternating  layers  of  A1203 
and  8YSZ  were  prepared  by  this  technique. 

Thermal  diffusivity  measurements  were  made 
using  the  laser  flash  technique  [10].  The  laser 
flash  technique  involves  heating  one  side  of  the 
sample  with  a  laser  pulse  of  short  duration  and 
measuring  the  temperature  rise  on  the  other  side 
with  an  infrared  detector.  The  thermal 
diffusivity  is  determined  from  the  time  required 
to  reach  one-half  of  the  peak  temperature  and  a 
transient  heat  conduction  analysis  of  a  two-layer 
body.  From  this  analysis,  the  thermal  diffusivity 
of  a  single  layer  coating  on  a  substrate  can  be 
independently  determined.  Measurements  were 
made  on  the  coatings  with  substrate  in  the  as- 


sprayed  condition  and  on  the  detached  coatings 
in  the  heat-treated  condition.  Measurements 
were  made  from  room  temperature  to  a 
temperature  of  1000°C.  For  the  high 
temperature  measurements,  the  samples  were 
heated  in  a  vacuum  chamber  in  100°C  steps;  a 
thermal  diffusivity  measurement  was  made  at 
each  step.  Specific  heat  measurements  of  A1203 
and  8YSZ  were  also  made  using  a  standard 
Perkin-Elmer  Model  DSC-2  Differential 
Scanning  Calorimeter  with  sapphire  as  the 
reference  material.  Powders,  scrapped  from  the 
as-sprayed  coatings  were  used  for  this  purpose. 
The  standard  and  the  sample  were  subjected  to 
the  same  heat  flux  as  a  blank  and  the  differential 
powers  required  to  heat  the  sample  and  standard 
at  the  same  rate  were  determined.  From  the 
masses  of  the  sapphire  standard  and  the  sample, 
the  differential  power,  and  the  known  specific 
heat  of  sapphire,  the  specific  heat  of  the  sample 
was  computed.  The  thermal  conductivities  of 
the  coatings  were  determined  using  the 
relationship: 

k  =  a  Cp  p  ...(1) 

in  which  k  is  the  thermal  conductivity,  a  is  the 
thermal  diffusivity,  Cp  is  the  specific  heat  and  p 
is  the  density  of  the  coating.  X-ray  diffraction 
analyses  of  the  coatings  were  performed  using 
Siemens  D5000  unit,  with  CuKa  radiation,  to 
identify  the  phases. 

3.  RESULTS: 

PLASMA  SPRAYED  COATINGS 

(a)  Monolithic  Coatings: 

Microstructures  of  the  as-plasma  sprayed 
coatings  are  shown  in  Fig.  l(a&b);  those  after 
heat  treatment  are  illustrated  in  Fig.  2(a&b). 
The  coatings  exhibited  a  porous  structure, 
typical  of  air-plasma-sprayed  TBCs.  A 
comparison  of  Figures  1  and  2  reveals  little 
change  in  porosity  in  A1203  and  YSZ  layers  after 
heat  treatment.  Therefore,  porosity  levels  in 


the  as-sprayed  condition  were  assumec 
heat  treated  coatings. 

Table  I.  Data  on  Monolithic  Coatin 

for  the 

gs 

Property 

ALO, 

8YSZ 

Coating  thickness  (mm) 

0.34 

0.37 

Porosity  (%) 

19 

12 

Density  of  monolithic  (g/cc) 

3.9 

5.74 

Expt.  coating  density  (g/cc) 

3.17 

5.06 

Calc,  coating  density  (g/cc) 

3.28 

5.13 

The  porosity,  density  and  the  thickness  of  each 
coating  are  presented  in  Table  I.  As  mentioned 
above,  porosity  levels  were  determined  by  a 
“mass/volume”  (direct)  measurement,  or  by 
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Fig.  1(a)  Microstructure  of  PS  A1203  in  the  as- 
sprayed  condition 


Fig.  1(b)  Microstructure  of  PS  8YSZ  coating  in 
the  as-sprayed  condition 


Fig.  2(a)  Microstructure  of  PS  A1203  in  the  heat 
treated  condition 


image  analysis/point  counting  techniques  on 
polished  cross-sections.  The  various  techniques 
gave  reasonable  agreement  once  polishing 


procedures  were  optimized  to  minimize  particle 
pull-out.  Additionally,  the  density  values 
determined  using  the  porosity  levels  in  Table  I 
and  the  theoretical  densities  were  nearly  in 
agreement,  suggesting  that  the  density  values 
determined  by  the  “mass/volume”  technique  are 
reliable. 


Fig.  2(b)  Microstructure  of  PS  8YSZ  in  the  heat 
treated  condition 


Fig.  3.  Thermal  diffusivity  and  specific  heat 
data  for  Rene  95  substrate,  A1203  and  8YSZ 

Thermal  diffusivity  and  specific  heat  data  for 
the  Rene  95  substrate,  A1203  and  8YSZ  are 
presented  in  Fig.  3.  Thermal  conductivities  of 
monolithic  A1203  and  8YSZ  as-sprayed  coatings 
as  a  function  of  temperature,  determined 
through  Eqn.  (1)  using  the  data  in  Fig.  3,  are 
presented  in  Figures  4  and  5,  respectively.  In 
these  figures,  thermal  conductivity  of  as-sprayed 
coatings  are  compared  with  that  of  the  solid 
materials  incorporating  the  effect  of  porosity. 
It  is  to  be  noted  that  that  the  data  for  solid 
A1203  could  not  be  obtained  during  the  period  of 
this  study,  due  to  difficulties  in  sintering  the 
spray  powder.  Therefore,  the  thermal 
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conductivity  data  reported  in  literature  is 
employed  in  Fig.  4. 


Fig.  4.  Thermal  conductivity  of  A1203  coatings 
compared  with  the  porosity-corrected  data  for 
various  solid  A1203  reported  in  literature 
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Fig.  5.  Thermal  conductivity  of  8YSZ  coatings 
compared  with  the  porosity-corrected  data  of 
solid  8YSZ 

The  degree  of  reduction  in  thermal  conductivity 
due  to  porosity  can  be  calculated  from  [11] 

kp  =  k[l-P2/3]  ,.(2) 

in  which  kp  and  k  are  the  thermal  conductivities 
of  the  porous  material  (with  a  porosity  of 
volume  fraction  P)  and  the  fully  dense  material, 
respectively.  During  the  present  work,  Eqn.  (2) 
was  found  to  accurately  describe  the  reduction  in 
room-temperature  thermal  conductivity  due  to 
the  presence  of  pores  in  solid  A1203  and  Zr02 
ceramics,  when  evaluated  [11]  against  the  data 
on  sintered  monolithic  materials  reported  in 
literature  [12-15].  Therefore,  Eqn.  (2)  was  used 
to  incorporate  the  effects  of  porosity  on 
thermal  conductivity  in  Figures  4  and  5. 


(b)  Multilayer  Coatings 

Microstructures  of  multilayer  coatings:  AZ4  and 
AZ8  are  shown  in  Figs.  6  (a&b)  in  the  as- 
sprayed  condition  and  in  Figs.  7  (a&b)  after  heat 
treatment.  A  refers  to  A1203  and  Z  refers  to 
8YSZ,  with  the  numbers  indicating  the  number 
of  layers  of  each  material.  For  example,  AZ4 
contains  4  layers  of  A1203  and  4  layers  of  8YSZ, 
arranged  altematingly.  Table  II  illustrates  the 
total  coating  thickness,  individual  layer  size  and 
the  experimentally  measured  and  calculated 
porosity  levels,  for  various  multilayer  coatings 
made  by  the  PS  technique. 


Fig.  6(a)  Microstructure  of  PS  AZ4  coating  in 
the  as-sprayed  condition 


Fig.  6(b)  Microstructure  of  PS  AZ8  coating  in 
the  as-sprayed  condition 

Thermal  conductivity  data  as  a  function  of 
temperature  for  multilayer  coatings  in  the  as- 
sprayed  and  sprayed-and-heat  treated  conditions 
are  presented  in  Figures  8  and  9,  respectively. 
The  conductivity  data  for  fully  dense  materials 
are  also  included.  In  addition,  estimates  of 
conductivity  of  bilayer  coatings  (assuming  A1203 
and  8YSZ  in  series)  using  either  the  porosity- 
corrected  data  for  fully  dense  A1203  and  8YSZ  or 
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Fig.  7(a)  Microstructure  of  PS  AZ4  coating  in 
the  heat  treated  condition 


Fig.  7(b)  Microstructure  of  PS  AZ8  coating  in 
the  heat  treated  condition 


Table  II.  Data  on  Multilayer  Coatings 


Property 

AZ1 

AZ2 

AZ4 

AZ8 

Thickness  (mm) 

0.36 

0.36 

0.35 

0.35 

Each  layer  size  (mm) 

0.18 

0.09 

0.044 

0.022 

Porosity  (%) 

15.5 

17 

12.7 

13.7 

Density  of  solid  (g/cc) 

4.82 

4.82 

4.82 

4.82 

Coating  density*  (g/cc) 

4.07 

4.0 

4.21 

4.16 

Coating  density+  (g/cc) 

4.17 

4.12 

4.28 

4.24 

♦Experimentally  determined 
Calculated  from  porosity  and  solid  density 


the  experimentally  measured  data  for 
monolithic  A1203  and  8YSZ  coatings,  are 
presented.  These  calculations  were  performed 
using  Equation  (3)  in  the  following  form: 

=  kakz 

(katz  +  kzta)  ...(3) 

in  which  kc  is  the  composite  thermal 
conductivity  with  the  layers  in  series 


arrangement,  and  ta  and  tz  are  the  thickness 
fractions  of  A1203  and  8YSZ  layers, 
respectively.  Because  the  thickness  fractions  of 
A1203  and  YSZ  are  nearly  the  same  and  equal  in 
all  of  the  multilayer  coatings,  these  calculations 
provide  a  baseline  for  comparison  with  the 
measured  thermal  conductivities  of  the 
multilayer  coatings. 


Fig.  8.  Comparison  of  experimental 
conductivity  data  of  as-sprayed  multilayers  with 
the  data  for  monolithic  dense  materials  as  well 
as  calculated  data  for  a  bilayer  coating 


Fig.  9.  Comparison  of  experimental 
conductivity  data  of  heat  treated  multilayer 
coatings  with  the  data  for  monolithic  dense 
materials  as  well  as  calculated  data  for  a  bilayer 
coating 
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4.  DISCUSSION; 

PLASMA  SPRAYED  COATINGS 

(a)  Monolithic  Coatings: 

The  conductivity  levels  in  the  as-sprayed 
condition  are  substantially  lower  than  the 
porosity-incorporated  data  of  solid  materials, 
for  both  A1203  and  8YSZ  coatings  (Figs.  4  &  5). 
However,  the  data  of  A1203  and  8YSZ  free¬ 
standing  heat  treated  coatings  agreed  well  with 
the  porosity- incorporated  data  of  solid 
materials.  For  A1203,  the  agreement  is  good 
with  the  data  of  Youngblood  et.  al.  [16].  The 
rationale  behind  this  choice  is  discussed  in  the 
next  section. 

The  heat  treated  coatings  differed  from  the  as- 
sprayed  in  two  respects:  (i)  a  high  degree  of 
elimination  of  interfaces  between  the  splats  in 
the  coating  due  to  sintering  and  (ii)  the 
elimination  of  the  coating/substrate  interface, 
since  the  coatings  detached  after  heat  treatment. 
Therefore,  the  increase  in  conductivity  is 
perceived  to  be  due  to  the  elimination  of  both  of 
these  interfaces  in  the  heat  treated  condition. 

Since  dense  specimens  of  A1203,  for  reference 
conductivity  measurements,  could  not  be  made 
from  the  plasma  spray  powders,  conductivity 
data  reported  in  literature  for  A1203  were  used  in 
assessing  the  conductivities  of  present  coatings. 
In  this  context,  one  of  the  primary  issues  is  the 
accuracy  of  reference  data  and  the  equivalency 
of  the  microstructure  of  the  reference  material 
to  that  of  the  coating.  For  example,  the 
literature  thermal  conductivity  data  (Fig.  4)  for 
solid  A1203  differed  significantly,  possibly  due  to 
variations  in  microstructure.  The  data  of 
Youngblood  et.  al.  [16]  was  generated  using  AD 
995  A1203  powder  (Coors  Ceramics,  Inc., 
Golden,  CO.)  sintered  to  >99%  theoretical 
density.  The  details  regarding  purity,  phases  and 
microstructure  were  not  available.  The  data  of 
Touloukian  et.  al.  [17]  is  for  A1203  having 
>98%  theoretical  density,  but  the  details  on 
purity  and  phases  were  not  available.  The  data 
of  Santos  et.  al.  [18]  was  generated  using  99.8% 
pure  A1203  (A-16SG  powder  from  ALCOA)  and 
correcting  the  measured  conductivity  data  for 
residual  porosity.  Because  of  the  different 
sources  of  these  powders,  considerable  variability 
in  the  thermal  conductivity  data  of  dense  A1203 
is  seen  (Fig.  4).  Further,  since  the  details  on 
purity,  phases  and  micro  structure  are  not 
known,  a  comparison  of  them  with  the  A1203 
coating  is  difficult.  The  X-ray  diffraction 
pattern  of  the  A1203  coating  is  shown  in  Fig.  10. 
The  figure  indicates  that  both  cx-Al203  and  y- 
A1203  phases  are  present  in  significant 


quantities.  In  addition,  small  intensity  maxima, 
characteristic  of  an  amorphous  phase,  such  as 
Si02,  are  also  present.  Amorphous  Si02  is 
known  [19]  to  be  present  as  grain  boundary 
phase  in  sintered  A1203.  Due  to  its  low  thermal 
conductivity  relative  to  A1203,  a  significant 
change  in  conductivity,  due  to  small  changes  in 
Si02  content  can  be  expected.  Figure  4  indicates 
that  the  conductivity  data  of  Youngblood  et.  al. 
[16]  agreed  better  with  that  of  the  heat  treated 
material.  The  lack  of  agreement  with  the  data 
of  other  reference  materials,  even  after 
correcting  for  porosity,  could  be  due  to  the 
micro  structural  differences  between  the  coating 
and  these  materials.  Further  study  is  needed  to 
clarify  the  role  of  purity,  phases  and 
microstructure  on  the  thermal  conductivity  of 
A1203. 


Fig.  10.  X-ray  diffraction  pattern  for  as-sprayed 
A1203  coating. 

(b)  Multilayer  Coatings: 

Figure  8  reveals  that  the  thermal  conductivities 
calculated  from  Equation  (3),  using  the  data  for 
dense  materials  and  accounting  for  porosity,  are 
significantly  higher  than  the  experimental 
measurements  for  the  multilayers.  On  the  other 
hand,  the  estimates  from  Equation  (3)  using  the 
experimental  conductivity  data  for  the 
monolithic  A1203  and  8YSZ  coatings  are  in 
reasonable  agreement  with  the  multilayer  data. 
The  latter  agreement  may  be  surmised  to  be  due 
to  the  effect  of  thermal  resistance  due  to  splat 
interfaces  and  cracks,  which  is  already  included 
in  the  conductivities  of  the  monolithic  coatings. 
The  conductivities  of  all  of  the  multilayer 
coatings  fall  in  a  narrow  band,  suggesting  that 
the  contribution  from  the  interlayer  interfaces 
in  reducing  the  overall  thermal  conductivity  of 
the  coating  is  relatively  small.  It  should  be 
noted  that  all  the  coatings  had  the  same  overall 
thickness  with  varying  number  of  layers  and 
corresponding  layer  thicknesses.  Therefore,  the 
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total  number  of  splat  interfaces  in  each  coating 
can  be  expected  to  be  nearly  the  same.  It 
appears  that  due  to  this  similarity,  the  thermal 
conductivity  levels  of  multilayer  coatings 
differed  little  and  thus  can  be  predicted  with 
reasonable  accuracy  from  the  experimental  data 
of  monolithic  coatings. 

While  the  measured  conductivity  data  for  all  the 
as-sprayed  multilayer  coatings  showed  a 
significant  decrease  with  temperature,  the  data 
after  heat  treatment  (Figure  9)  were  largely 
independent  of  temperature.  Several 

microstructural  factors  should  be  considered  in 
understanding  thermal  conductivity  changes 
after  heat  treatment.  Porosity  and  thermal 
resistance  at  interfaces  can  significantly 
influence  the  thermal  conductivity  in  solids 
[4,  5,  10,  11,  15].  Since  porosity  levels  changed 
only  a  little,  the  effect  on  thermal  conductivity 
due  to  this  change  can  be  considered  negligible. 
On  the  other  hand,  interfaces  between  the  splats 
in  thermal  sprayed  coatings  have  been  suggested 
to  reduce  the  thermal  conductivity  due  to  the 


interface  thermal  resistance  [5,  11].  This  effect 
due  to  internal  interfaces  can  be  appreciated 
from  the  data  shown  in  Fig.  9.  The  predictions 
for  a  bilayer,  calculated  from  the  porosity- 
corrected  data  of  fully  dense  materials  as  well  as 
from  the  experimental  data  for  heat-treated 
monolithic  coatings  using  Equation  (3),  agree 
well  with  the  experimental  data  for  multilayer 
coatings.  This  suggests  that  heat  treatment  may 
have  eliminated  the  effects  due  to  the  imperfect 
splat  interfaces  in  the  coatings  and  that  the 
primary  microstructural  factor  that  influences 
thermal  conductivity  in  this  condition  is  the 
porosity  within  the  layers.  However,  since  the 
coatings  detached  after  heat  treatment,  it  was 
not  possible  to  determine  the  relative 
contribution  of  the  coating-substrate  interface 
versus  that  of  the  splat  interfaces. 

5.  RESULTS:  EB-PVD  COATINGS 

Details  of  EB-PVD  coatings,  including  total 
coating  thickness,  individual  layer  thickness  and 
density  are  presented  in  Table  III. 


Table  III.  Description  of  Coatings,  Layer  Thickness  and  Density  Values  for  EB-PVD 
Coatings  with  CMSX  Single  Crystal  Substrates. 


ID 

Coating 

Type 

Calc. 

Density* 

(gm/cc) 

Meas. 

Density 

(gm/cc) 

Total 

Coating 

Thick. 

(mm) 

Thick, 
of  8YSZ 
layer 
(mm) 

Thick, 
of  A1203 
layer 
(mm) 

PVD2 

Substrate+ 
bond  coat** 

8.567 

8.52 

0.915*** 

PVD4 

5.74 

5.41 

0.865 

0.111 

0.111 

PVD5 

PVD2  +  1 
layer  each  of 
A1203  and 
8YSZ 

4.75 

4.69 

0.749 

0.094 

0.049 

0.045 

PVD6 

PVD2  +  4 
layer  each  of 
A1203  and 
8YSZ 

4.65 

4.71  . 

0.609 

0.116 

0.015 

0.014 

PVD7 

PVD2  +  «  350 
alt.  A1203  and 
8YSZ  lavers 

5.11 

4.64 

0.614 

0.117 

0.00065 

0.00035 

PVD8 

PVD2  +  « 
1000  alt. 
A1203  and 
8YSZ  lavers 

5.08 

4.83 

0.485 

0.139 

0.00064 

0.00034 

*  Calculated  from  theoretical  density  of  A1203  and  8YSZ,  using  layer  thicknesses. 

**  Substrate+bond  coat  was  treated  as  a  single  material  in  thermal  conductivity  measurements  and 
calculations. 

***  Refers  to  the  total  thickness  of  bond  coat  +  substrate. 
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Fig.  11.  Microstructure  of  single  layer  EB-PVD 
8YSZ  coating 


Fig.  12.  Microstructure  of  multilayer  coating 
with  4  alternating  layers  of  each  of  8YSZ  and 
AI2O3 


Microstructures  of  EB-PVD  coatings  are 
presented  in  Figs.  11  through  13.  Figures  11  and 
12  illustrate  the  microstructures  of  the  single 
layer  8YSZ  (PVD4)  and  8  layer  coating  involving 
4  alternate  layers  of  each  of  8YSZ  and  A1203, 
respectively.  Figures  12  (a&b)  illustrate  the 
microstructure  of  the  multilayer  coating  with 
about  350  total  alternating  layers  of  8YSZ  and 
A1203.  The  micro  structure  of  single  layer  8YSZ 
coating  is  an  array  of  fairly  closely  packed 
columns  that  run  perpendicular  to  the  interface 
of  coating  and  substrate.  As  the  total  number  of 
layers  was  increased,  the  tendency  to  exhibit  the 
columnar  structure  decreased.  The  measured 
thermal  conductivity  data  as  a  function  of 
temperature  for  all  the  coatings  studied  are 
presented  in  Fig.  14.  The  solid  8YSZ  data  is  for 
the  original  bulk  material  that  was  used  to  deposit 
the  coating.  A1203  could  not  be  sintered  to 
obtain  a  dense  material.  Therefore,  the  data  for 
solid  A1203  was  taken  from  literature.  This  data 


is  the  same  (Santos  et.  al.  [18])  as  the  data 
reported  in  Fig.  4.  Additionally,  single  layer 
A1203  coating  with  the  same  thickness  as  the 
other  coatings,  could  not  be  deposited  without 
cracking  and  spallation.  The  data  calculated  on 
the  basis  of  series  heat  transfer  model  (Eqn.  3) 
using  the  thickness  fractions  of  layers  in  each 
type  of  coating,  is  also  presented.  It  can  be  seen 
that  the  multilayers  have  higher  conductivity 
that  that  of  8YSZ,  but  lower  than  the  data  of  bulk 
A1203,  as  expected.  It  appears  that  as  the 
columnar  nature  of  the  layers  decreased,  the 
thermal  conductivity  also  decreased.  This  is 
clearly  evident  by  comparing  the  data  of  2  layer 
coating  and  the  8  layer  coating. 


(b) 

Fig.  13  (a&b).  Microstructures  of  multilayer 
coating  with  350  total  alternating  layers  of  8YSZ 
and  A1203 
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Temperature  (°C) 


Fig.  14.  A  comparison  of  the  experimental 
thermal  conductivities  of  EB-PVD  coatings  with 
the  data  for  solid  materials  and  the  calculated  data 
for  multilayer  coatings 


6.  DISCUSSION:  EB-PVD  COATINGS 

First  of  all,  the  thermal  conductivity  data  of 
8YSZ  coating  is  higher  than  the  bulk  8YSZ  data 
by  a  factor  of  1.5.  In  order  to  understand  this 
discrepancy,  some  microstructural  factors  are  to 
be  considered.  The  solid  8YSZ  and  the  coating 
deposited  using  it,  were  found  to  be  not  under  the 
same  microstructural  condition.  Whereas  the 
solid  consisted  of  a  mixture  of  monoclinic  and 
tetragonal  phases  (Fig.  15),  the  coating  consisted 
almost  entirely  of  tetragonal  phase  (Fig.  16).  The 
type  of  phase  present  in  the  YSZ  microstructure 
is  known  [20]  to  affect  the  thermal  conductivity 
and  therefore,  this  factor  should  be  considered  in 
the  comparison  of  the  monolithic  material  and 
the  coating. 


Fig.  15.  X-ray  diffraction  pattern  for  solid  8YSZ 
material 


Fig.  16.  X-ray  diffraction  pattern  for  the  8YSZ 
coating 

First,  it  is  of  interest  to  see  how  the  relative 
proportion  of  phases  in  YSZ,  influenced  by  Y203 
level,  would  influence  the  conductivity  of  YSZ. 
In  Fig.  17,  the  conductivity  data  of  various  dense 
YSZ  specimens  reported  in  literature  [16,20,21], 
as  well  as  that  of  solid  8 YSZ  evaluated  in  the 
present  study,  are  compared.  The  data  differed 
significantly  among  them,  owing  to  the  variation 
in  the  amount  of  Y203  stabilizer.  For  example, 
increasing  Y203  from  5.3wt.%  to  9wt.%,  a 
significant  decrease  in  the  conductivity  level  can 
be  seen,  over  the  entire  temperature  range. 
However,  at  llwt.%  Y203,  the  conductivity 
appears  to  increase,  relative  to  that  of  8-9wt.% 
Y203  stabilized  Zr02  specimens.  This  trend  is 
consistent  with  the  variation  in  thermal 
diffusivity  as  a  function  of  Y203  content,  as 
observed  by  Youngblood  et.  al.  [16]. 


Temperature  (°C) 


Fig.  17.  Thermal  conductivity  data  for  YSZ  with 
various  amount  of  stabilizer  content,  compiled 
from  literature 


14-10 


Temperature  (°C) 


Fig.  18.  A  comparison  of  the  experimental 
thermal  conductivities  of  EB-PVD  coatings  with 
the  revised  data 

The  study  of  Hasselman  et.  al  [20]  indicates  that 
in  the  range  of  Y203  content  varying  from  4.5  to 
5.5  wt.%,  Y203,  YSZ  almost  entirely  consists  of 
tetragonal  phase.  Above  5.5  wt.%  Y203,  a 
mixture  of  tetragonal  and  monoclinic  phases  was 
seen.  The  proportion  of  monoclinic  phase  was 
determined  to  be  25%  in  the  8.6YSZ  specimen. 
This  is  consistent  with  the  X-ray  data  of  8 YSZ 
dense  material  (Fig.  15)  evaluated  in  the  present 
study.  Therefore,  the  present  8 YSZ  coating  and 
the  8YSZ  dense  material  are  not  truly  comparable 
due  to  the  differences  in  the  amount  of  tetragonal 
and  monoclinic  phases.  The  relative  proportions 
of  phases  can  affect  the  thermal  conductivity  of 
coatings  due  to:  (i)  the  second  phase-effect  on 
thermal  conductivity  in  composites  [19],  (ii) 
phonon  scattering  at  the  interphase  interfaces 
[22]  and  (iii)  a  change  in  defect  structure  with 
composition  [23],  In  Fig.  18,  the  thermal 
conductivity  comparisons  employed  in  Fig.  14 
have  been  revised  using  the  solid  5.3wt%  YSZ 
conductivity  data,  since,  this  material  entirely 
consisted  of  tetragonal  phase.  As  can  be  seen, 
the  agreement  between  the  conductivities  of  solid 
8YSZ  and  8YSZ  coating  as  well  as  between  the 
experimental  data  and  the  calculated  data  for 
multilayer  coatings  has  improved.  It  is  to  be 
noted  that  the  variations  between  the 
conductivity  levels  of  multilayer  coatings  appear 
to  be  due  to  differences  in  the  relative  layer 
thicknesses  of  8YSZ  and  A1203  layers. 

7.  ANALYSIS  OF  SENSITIVITY  OF 
THERMAL  CONDUCTIVITY 
MEASUREMENT 


Thermal  diffusivities  of  the  coatings  with  the 
substrate,  investigated  in  this  study,  were 
determined  using  a  two-layer  calculation 
procedure  which  is  discussed  in  detail  elsewhere 
[10].  The  input  parameters  which  enter  this 
calculation  are  the  thicknesses,  densities  and  the 
specific  heat  values  of  the  coating  and  the 
substrate,  the  thermal  diffusivity  of  substrate  and 
the  measured  half-times.  The  sensitivity  of  each 
of  these  parameters  also  depends  on  the  relative 
values  between  these  parameters,  i.e.  the  relative 
layer  thicknesses,  the  relative  magnitudes  of 
diffusivities,  etc.  The  situation  is  further 

complicated  by  the  fact  that  the  calculation  of 
the  diffusivity  (or  conductivity)  of  the  coating  is 
an  iterative  procedure.  The  effect  of 
uncertainties  in  the  input  parameters  for  the  PS 
and  EB-PVD  8YSZ  coatings,  on  their  calculated 
thermal  conductivity  values,  was  determined  by 
introducing  positive  and  negative  errors  in  the 
parameters.  The  changes  in  the  coating 
conductivity  values  are  plotted  as  a  function  of 
positive  and  negative  changes  in  different  input 
parameters,  in  Figs.  19  and  20  for  8YSZ  coatings, 
deposited  by  PS  and  EB-PVD  techniques, 
respectively. 
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%  A  in  Coating  /  Substrate  Parameter 

Fig.  19.  Sensitivity  of  thermal  conductivity  of 
PS  8YSZ  coating  to  the  changes  in 
coating/substrate  parameters 

For  the  PS  8YSZ  coating,  in  the  order  of 
decreasing  sensitivity,  the  coating  conductivity  is 
sensitive  to:  substrate  thickness  (ts),  half-time 
(So. 5),  substrate  diffusivity  (as),  coating  thickness 
(tc),  coating  density  (pc)  or  specific  heat  (Cp  C) 
and  substrate  density  (ps)  or  specific  heat  (Cps). 
For  example,  for  PS  8YSZ  coating  (Fig.  19),  a  - 
10/+10  change  in  the  parameter  caused  changes 
in  the  coating  conductivity  as:  -24/+46  for 
substrate  thickness,  +35/-20  for  half-time,  +22/- 
13  for  substrate  diffusivity,  -21/+21  for  coating 
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thickness,  -11/+11  for  coating  density  or  specific 
heat  and  +1/-1  for  substrate  density  or  specific 
heat. 

For  the  present  PS  coatings,  the  accuracy  of  the 
conductivity  data  principally  depends  on  the 
parameters  that  cause  the  most  variability  in  the 
present  coatings.  Since  substrate  thickness  could 
be  measured  to  the  accuracy  of  0.1  mm,  the 
uncertainty  in  substrate  thickness  (0.03%)  is  too 
small  to  cause  any  change  in  coating 
conductivity.  The  half-times  are  recorded  using 
digital  oscilloscopes,  so  the  uncertainty  in  their 
measurement  can  be  considered  to  be  better  than 
1%.  The  substrate  diffusivity  was  independently 
measured  using  the  free-standing  sample  and 
hence  the  measurements  can  be  considered 
accurate  within  ±1%.  The  density  of  the 
substrate  were  determined  within  ±1%  using  the 
Archimedes  principle.  The  specific  heat  values 
of  the  coating  and  the  substrate  can  also  be 
determined  to  a  level  of  ±1%  or  better.  This 
leaves  the  coating  thickness  and  the  density  as 
the  most  sensitive  parameters  involved  in  the 
present  study.  The  coatings  thicknesses  were  of 
the  order  of  400  |0.m,  with  the  coating  surface 
roughness  of  the  order  of  40-50  pm,  indicating 
that  the  variability  in  coating  thickness  is  about 
10%.  Additionally,  the  measurements  of  density 
of  plasma  sprayed  coatings  could  be  in  error  to 
some  degree,  due  to  the  penetration  of  liquid 
medium  through  the  open  pores.  Therefore,  the 
present  thermal  conductivity  data  for  PS  coatings 
can  be  expected  to  be  subject  to  these 
uncertainties. 


%  A  in  Coating  /  Substrate  Parameter 


Fig.  20.  Sensitivity  of  thermal  conductivity  of 
EB-PVD  8YSZ  coating  to  the  changes  in 
coating/substrate  parameters 

For  the  EB-PVD  coating,  in  the  order  of 
decreasing  sensitivity,  the  coating  conductivity  is 
sensitive  to:  substrate  thickness,  half  time, 


substrate  diffusivity,  coating  thickness,  coating 
density  or  specific  heat  and  substrate  density  or 
specific  heat.  For  example,  a  -10/+10  change  in 
the  parameter  caused  changes  in  the  coating 
conductivity  as:  -44/+°°  for  substrate  thickness, 
+105/-35  for  half-time,  +86/-29  for  substrate 
diffusivity,  -221+21  for  coating  thickness,  - 
15/+16  for  coating  density  or  specific  heat  and 
+5/-3  for  substrate  density  or  specific  heat  (Fig. 
20).  The  order  of  parameters  in  sensitivity 
ranking  is  similar  to  that  of  the  PS  coatings. 

It  is  to  be  noted  that  for  the  EB-PVD  coatings 
the  variability  encountered  in  coating  parameters 
are  about  the  same  as  that  of  the  PS  coatings. 
However,  the  EB-PVD  coating  thickness  is  a 
factor  of  4  smaller  compared  to  the  PS  coatings. 
The  substrate  thickness  was  1  mm.  The  sample 
used  for  thermal  conductivity  measurement  was 
prepared  by  mechanically  grinding  the  substrate 
from  its  original  thickness  of  3  mm  to  I  mm. 
After  grinding,  the  average  variation  in  substrate 
thickness  was  found  to  be  about  +/-  0.04  mm. 
This  would  suggest  that  the  uncertainty  in 
substrate  thickness  is  +M%.  Therefore,  the 
increased  sensitivity  of  conductivity  data  in  the 
case  of  EB-PVD  coating,  relative  to  PS  coatings, 
seems  to  arise  from  the  reduced  thicknesses  of 
the  coating  and  the  substrate. 

8.  CONCLUSIONS 

Plasma  Sprayed  Coatings: 

(1)  The  reductions  in  the  thermal  conductivities 
of  single  layer  as  well  as  multilayer  plasma- 
sprayed  A1203  and  8YSZ  coatings  are  brought 
about  by  porosity  and  thermal  resistance  at  the 
interfaces  in  the  coating.  The  thermal  resistance 
appears  to  arise  from  the  interfaces  between  the 
splats  as  well  as  the  coating/substrate  interface. 
The  interlayer  interfaces  in  the  multilayer 
appears  to  play  only  a  minor  role  in  influencing 
the  coating  thermal  conductivity. 

(2)  The  thermal  conductivity  levels  of 
multilayered  coatings  of  A1203  and  8YSZ  are 
comparable  to  that  of  the  single  layer  8YSZ 
coating.  Therefore,  primarily  the  interface 
thermal  resistance  and  secondarily  the  porosity 
appear  to  be  the  parameters  that  can  be 
manipulated  to  reduce  the  thermal  conductivity 
of  thermal  barrier  coatings. 

(3)  The  uncertainty  in  the  thermal  conductivity 
values  of  the  A1203  and  Zr02  coatings  were 
determined  to  be  primarily  due  to  the 
uncertainties  in  the  coating  thickness  and  density 
values. 
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EB-PVD  Coatings: 

(4)  Microstructures  of  EB-PVD  coatings 
consisted  of  an  array  of  closely  packed  columnar 
grains.  The  columnarity  decreased  as  the  number 
of  layers  increased,  in  the  case  of  multilayer 
coatings  involving  A1203  and  8YSZ. 

(5)  The  A1203  and  8YSZ  layers  consisted  of 
almost  entirely  y-Al203  and  tetragonal  phase, 
respectively,  in  the  coatings.  This  is  in  contrast 
to  the  observation  of  a  mixture  of  a/y  phases  in 
bulk  A1203  and  monoclinic  and  tetragonal  phases 
in  bulk  8YSZ. 

(6)  An  accurate  evaluation  of  thermal 
conductivity  of  EB-PVD  coating  requires  accurate 
reference  data  on  monolithic  material  having  the 
same  microstructural  condition  as  the  coating. 
For  A1203,  the  relative  proportion  of  a/y  phases, 
impurity  levels  and  microstructure  may  influence 
the  reference  conductivity  data.  For  YSZ,  the 
nature  and  the  proportion  of  phases  appears  to  be 
important  (tetragonal,  cubic  or  monoclinic). 

(7)  Thermal  conductivity  of  multilayer  coatings 
can  be  predicted  from  the  bulk  material  data, 
using  the  series  heat  transfer  model.  This 
suggests  that  there  is  no  apparent  effect  of 
interface  thermal  resistance  due  to  the  interlayer 
boundaries. 

(8)  Thermal  conductivity  data  determined  by 
laser  flash  technique  can  be  subject  to 
considerable  errors  due  to  the  variability  in 
coating  parameters  that  are  used  as  input  in  the 
calculations.  The  errors  increase  as  the  coating 
and  the  substrate  thicknesses  become  small. 
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SUMMARY 

A  series  of  thermal  barrier  coatings  were  deposited  on 
superalloy  pins  by  various  techniques  using  different 
processing  parameters,  in  order  to  optimize  the  durability 
of  the  coatings  for  aerospace  applications.  These  coatings 
were  subjected  to  simulated  high  temperature  engine 
operating  conditions  in  a  high  velocity  burner  rig.  The 
durability  of  the  coatings  at  different  temperatures  was 
assessed  at  regular  intervals  from  changes  in  pin  weight 
due  to  oxidation  and/or  loss  of  coating.  The  thermal 
characteristics  of  some  of  the  coatings  were  also  assessed 
on-line  by  monitoring  the  core  temperatures  of  the  pins. 
After  thermal  cycling,  the  specimens  were  subjected  to 
metallographic  examination,  to  study  the  change  in 
microstructure  brought  about  by  the  burner  rig  cyclic 
tests.  The  test  methodology  and  the  results  are  discussed. 

1.  INTRODUCTION 

Thermal  barrier  coatings  (TBC’s),  as  the  name  implies, 
are  protective  barriers  used  to  isolate  turbine  components 
(usually  cooled  by  air  flow  from  the  compressor)  from 
the  high  temperature  of  the  engine,  so  that  the 
temperature  felt  by  the  substrate  is  considerably  lower 
than  that  in  which  the  component  is  operating.  Lowering 
the  metal  temperature  improves  the  creep  life  and  reduces 
the  thermal  stresses  induced  by  transients  caused  by 
accelerations  and  decelerations  in  the  engine.  Thermal 
barrier  coatings  consist  of  a  metallic  bond  coat,  usually 
MCrAlY  (where  M  stands  for  Ni,  Co,  Fe,  or  a 
combination  of  these)  of  thickness  up  to  150  pm,  over 
which  a  ceramic  oxide  overlay  coating  of  thickness  up  to 
500  pm  is  applied.  The  bond  coat  layer  has  higher 
oxidation  and  hot  corrosion  resistance  than  the  superalloy 
substrate  material  and  it  also  provides  a  base  for 
mechanical  bonding  of  the  ceramic  layer  to  the  metal. 

The  most  widely  used  ceramic  overlay  coating  is  based 
on  zirconia,  which  has  a  thermal  expansion  coefficient 
close  to  that  of  the  superalloy  substrate.  Pure  zirconia, 
however,  undergoes  phase  transformation  in  the 
temperature  range  of  gas  turbine  engine  operation.  Above 
2370°C,  Zr02  exists  in  the  cubic  form  and  as  it  cools 
down  below  2370°C,  it  transforms  to  the  tetragonal  form, 


which  in  turn  undergoes  solid  state  transformation  to  the 
monoclinic  phase  below  1 170°C.  This  latter  phase 
change  (tetragonal  to  monoclinic)  is  accompanied  by  a 
volume  increase  of  about  9%,  which  will  cause  cracking 
and  lead  to  spalling  of  the  ceramic  zirconia  layer  from  the 
bond  coat.  This  phase  transformation,  however,  can  be 
suppressed  by  the  addition  of  stabilizing  agents  such  as 
Y203,  MgO,  Ce02  and  CaO,  which  lower  the  phase 
transformation  temperature.  Of  these,  yttria  has  been 
found  to  be  a  good  stabilizer  for  the  range  of  turbine 
operating  temperatures  and  partially  stabilized  zirconia 
containing  8%Y203  (called  YPSZ),  has  been  found  to 
perform  well  in  aero  engines  (1).  Other  ceramic  systems 
based  on  various  oxides  (e.g.  MgO,  CeO,  and  CaO)  and 
oxide  mixtures  as  well  as  metal  silicates  (e.g.  Ca2Si04, 
ZrSi04)  have  also  been  considered  for  marine 
applications  where  hot  corrosion  is  a  concern  (2). 

TBC’s  can  be  applied  by  one  of  several  methods, 
including  flame  spraying,  plasma  spraying,  detonation 
gun  projection,  and  electron  beam  physical  vapour 
deposition  (EBPVD).  Several  modifications  and 
innovations  have  been  made  in  these  techniques  to  suit 
particular  applications  and  to  obtain  coatings  of  high 
integrity  and  durability  (3-5).  Plasma  spraying,  for 
example,  has  been  carried  out  under  low  pressure  (partial 
vacuum)  to  produce  coatings  of  higher  density.  In  a 
recent  NASA  Tech  Brief  (October  1996,  p  97),  it  has 
been  reported  that  a  vacuum  plasma  sprayed  zirconia 
TBC  endured  five  times  as  many  engine  stop/start  cycles 
as  coatings  applied  in  air  (6).  Using  EBPVD,  graded 
coatings  with  gradual  transition  of  composition  and 
properties  through  the  thickness  have  been  produced. 

This  will  prevent  an  abrupt  transition  zone,  where  the 
likelihood  of  failure  can  be  high  due  to  drastic  differences 
in  the  properties  of  the  metallic  and  ceramic  layers  (7). 
Nano-structured  TBC’s  (containing  nanograins  or 
nanolayers)  could  provide  the  basis  for  new  generations 
of  TBC’s  (8). 

The  microstructures  of  TBC’s  vary  significantly  with 
deposition  technique.  Typical  microstructures  of  coatings 
applied  by  air  plasma  spraying  (APS),  vacuum  plasma 
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Figure  1  Representative  microstructures  of  TBC’s  applied  by  (a)  plasma  spraying  in  air  (b)  vacuum  plasma 
spraying  and  (c)  EBPVD  (S:  substrate,  B:  bond  coat,  C:  ceramic  overlay  layer,  N:  electroless  Ni  film  used  to 
protect  ceramic  for  metallography). 


spraying  (VPS)  and  electron  beam  physical  vapour 
deposition  (EBPVD)  are  shown  in  Figure  1 .  APS 
coatings  (Fig.  la)  usually  exhibit  a  layered  structure,  with 
a  swirl  pattern  and  a  large  amount  of  voids  and  pores. 

The  pores  help  to  increase  the  insulating  capacity  of  the 
oxide.  VPS  coatings  (Fig.  lb)  are  also  layered  but  are 
denser  than  APS  coatings  and  the  interface  between  the 
bond  coat  and  the  ceramic  layer  is  generally  more 
uniform  than  in  air  sprayed  products.  EBPVD  coatings 
(Fig.  lc)  have  a  dense  columnar  structure,  which  can 
accommodate  the  strains  arising  from  differential  thermal 
expansion  between  the  metallic  and  ceramic  layers. 

Failure  Modes  of  Thermal  Barrier  Coatings 
The  life  of  the  overlay  ceramic  is  limited  by  its 
susceptibility  to  thermal  fatigue  cracking,  while  the  life  of 
the  bond  coat  is  limited  by  its  oxidation  and  corrosion 
behaviour.  Hot  corrosion  of  the  ceramic  overlay  may  also 
be  life  limiting  in  marine  environments.  The  combined 
effects  of  stress,  time  at  high  temperatures  and  oxidizing 
environment  are  complex,  causing  changes  in  the 
microstructure  of  the  coatings  as  well  as  the  substrates. 
These  changes  eventually  will  lead  to  failure  of  the 
coatings.  Transverse  and  longitudinal  cracks  form  at  the 
surface  and  inside  the  ceramic  layer,  due  to  thermally 
induced  stresses.  Oxidizing  gases  penetrate  through  the 
transverse  cracks  and  oxidize  the  bond  coat.  The  layer  of 
Al203,  which  forms  at  the  interface  between  the  bond 
coat  and  the  ceramic  (and  possibly  between  the  bond  coat 
and  substrate),  thickens  during  service.  In  this  layer, 
oxidation  products  such  as  Cr203,  NiO,  Hf02  and  spinels 
(Ni0-Cr203-Al203)  are  formed  by  loss  of  (3-NiAl  from 
the  bond  coat.  In  the  case  of  EBPVD  coatings,  cracks 
form  in  this  layer  of  oxides,  causing  the  top  ceramic 
coating  to  spall,  whereas  plasma  sprayed  coatings  are 


known  to  fail  above  this  oxide  layer.  The  mechanisms  of 
the  reactions  of  the  coatings  with  the  environment  in  the 
engine  and  the  ultimate  coating  failure  are  discussed  in 
detail,  elsewhere  (8-10). 

Evaluating  Thermal  Barrier  Coatings 
The  effectiveness  of  a  TBC  coating  is  assessed  from  its 
ability  to  stay  in  place  without  spalling.  The  best  way  to 
assess  coating  durability  is  from  actual  engine  tests. 
These,  however,  are  expensive  and  time  consuming. 
Alternatively,  the  performance  of  a  coating  can  be 
evaluated  in  a  burner  rig,  where  engine  operating 
conditions  can  be  closely  simulated.  Engine 
manufacturers  have  used  burner  rig  tests  in  the  past  to 
evaluate  and  compare  the  performance  of  coatings  for 
screening  purposes,  prior  to  actual  engine  tests.  In 
Canada,  military  operational  groups  have  also  relied  on 
burner  rig  tests  to  assess  the  potential  of  emerging 
coatings  for  use  in  their  engines,  under  various 
component  retrofit  programs.  However,  there  is  no 
standard  procedure  established  for  burner  rig  tests. 
Manufacturers  and  users  adopt  different  cycling  times 
and  temperatures  (heating  times  from  a  few  minutes  up  to 
an  hour,  at  temperatures  from  1000°C  to  1500°C, 
followed  by  cooling  for  a  few  minutes)  tailored  to  suit 
their  end  use. 

Objectives  of  the  present  study 
At  NRC,  several  studies  have  been  performed  using 
burner  rig  testing  to  compare  TBC’s  produced  by 
different  techniques  and  different  processing  conditions, 
and  to  optimize  some  of  the  coatings  for  use  in  Canadian 
Forces  engines.  The  objective  of  this  paper  is  to  discuss 
the  testing  procedures  and  methodologies  employed  in 
these  studies  with  a  view  to  evaluating  the  suitability  and 


15-3 


practicality  of  burner  rig  testing  as  a  laboratory  ranking 
method  for  TBC’s.  The  influence  of  key  test  parameters 
on  modes  and  rates  of  damage  accumulation  is  discussed. 
Ways  to  ensure  that  the  modes  known  to  be  life  limiting 
in  engines  are  reproduced  during  rig  testing  are  also 
addressed. 

2.  EXPERIMENTAL  MATERIALS  AND 
METHODS 

2.1  Materials  and  Test  Coupons 

The  TBC’s  investigated  in  this  work  included 
experimental  coatings  produced  by  EBPVD,  APS  and 
VPS,  under  three  development  programs,  as  well  as 
TBC’s  produced  by  established  techniques  by 
commercial  vendors.  In  the  first  series  of  tests,  the 
performance  of  experimental  EBPVD  TBC’s  having 
compositionally  and  functionally  graded  interfaces 
between  the  metallic  bond  coat  and  the  ceramic  layer, 
was  evaluated.  These  coatings  were  applied  to  nickel  base 
superalloy  pins,  0.25”  diameter  and  4”  long,  made  from 
IN625  and  a  proprietary  single  crystal  (7).  In  the  second 
series  of  tests,  zirconia  and  calcia  based  TBC’s  were 
plasma  sprayed  onto  IN625  pins,  0.5”  diameter  and  5.5” 
long,  using  different  conditions  of  particle  velocities  and 
temperatures,  and  studied  to  assess  the  effects  of 
composition  and  processing  conditions  on  product 
performance  (11,12).  In  the  third  series  of  tests,  the 
performances  of  a  non-graded  EBPVD  TBC,  TBC’s  with 
VPS  bond  coats  and  APS  ceramic  overlays  and  TBC’s 
with  VPS  bond  coats  and  VPS  overlays,  were  also 
studied.  These  latter  coatings  were  applied  to  the  same 
pins  as  those  used  for  the  first  series  of  tests. 


Figure  2  The  IAR  burner  rig  equipped  with  the  2- 
inch  exhaust  nozzle  for  testing  %  inch  diameter  test 
pins.  The  slip  rig  assembly  accommodates  up  to 
eight  thermocouples  for  instrumentation  of  test  pins 

2.2  Testing  and  Evaluation 
The  coated  pins  were  subjected  to  thermal  cycling  in  a 
high  velocity/atmospheric  burner  rig.  The  design  of  this 
rig  is  based  on  a  dynamic  combustor  similar  to  that  used 
in  gas  turbine  engines  (13).  The  mixing  and  flow  in  the 
combustor  closely  approximate  conditions  that  exist 
within  conventional  combustors  and  the  critical  features 


of  combustor  chemistry  are  readily  reproduced  and 
controlled.  This  is  particularly  important  when  assessing 
the  effects  of  gas/coating  reactions  on  the  durability  of 
coatings  (14,15).  Fuel  (JP-4),  along  with  compressed  air, 
is  introduced  through  a  pressure-atomizing  nozzle  into 
the  primary  section  of  the  combustor,  within  which 
combustion  occurs  in  a  swirl  stabilized  recirculation 
zone.  The  expanding  combustion  gases  are  cooled  by 
dilution  within  a  secondary  section,  and  are  exhausted 
through  a  nozzle  in  front  of  which  the  test  pieces  are 
placed  for  exposure  to  high  velocity  hot  gases.  By 
independently  adjusting  the  primary  and  secondary  air 
flows,  along  with  the  fuel  flow,  it  is  possible  to  vary  the 
gas  velocity  and  gas  temperature  independently  of  each 
other.  With  a  standard  2-inch  axisymmetric  circular 
exhaust  nozzle,  gas  velocity  can  be  varied  from  Mach  0.2 
to  Mach  0.8  and  gas  temperature  from  540°C  (1000°F)  to 
1650°C  (3000°F).  The  latter  is  controlled  by  a 
programmable  microprocessor  and  measured  by  a 
thermocouple  located  near  the  throat  of  the  exhaust 
nozzle.  Nozzles  of  different  sizes  can  be  used  to  vary  the 
cross  sectional  geometry  of  the  hot  gas  jet  to 
accommodate  different  test  piece  geometries.  In  the 
present  studies,  the  standard  2-inch  diameter  nozzle  was 
used  when  testing  the  %”  diameter  pins  and  a  3 -inch 
oversized  nozzle  whs  used  for  the  Vi'  diameter  pins.  In 
both  cases,  the  pins  were  positioned  1.5”  away  from  the 
exhaust  nozzle. 

The  rig  in  the  standard  2-inch  nozzle  configuration  is 
shown  in  Figure  2,  with  a  set  of  uncoated  %  inch 
diameter  pins  positioned  in  front  of  the  exhaust  nozzle. 
The  test  pins  are  mounted  on  a  rotating  carrousel,  used  to 
translate  the  pins  back  and  forth  between  the  hot  gases 
and  a  jet  of  room  temperature  air  from  a  2-inch  diameter 
pipe  located  beside  the  hot  nozzle.  In  this  way,  the  pins 
can  be  alternately  heated  and  cooled,  simulating  thermal 
cycling  in  engines.  Rotation  of  the  pins,  typically  at  100 
to  200  rpm,  is  used  to  promote  gas  mixing  and  ensure 
uniform  exposure  of  the  pins  to  the  hot  and  the  cold 
gases.  An  electrical  slip  ring  assembly  mounted  on  the 
drive  shaft  of  the  rotating  carrousel  can  be  used  for 
instrumentation  of  8  of  the  12  test  pins. 

The  rig  in  its  3 -inch  nozzle  configuration  is  shown  in 
Figure  3,  with  a  set  of  coated  !4  inch  diameter  pins 
positioned  in  front  of  the  cooling  nozzle.  With  the 
oversized  carousel  required  to  handle  the  !4  inch  diameter 
pins,  the  larger  exhaust  nozzle  was  needed  to  achieve 
efficient  heating  of  the  pins.  However,  at  equivalent  air  to 
fuel  mass  flow  ratios,  the  gas  velocities  and  the  maximum 
heating  rates  and  temperatures  achievable  with  the  3-inch 
exhaust  nozzle  are  not  as  large  as  those  produced  with  the 
2-inch  nozzle,  which  has  a  bearing  on  the  modes  and 
rates  of  damage  accumulation  in  coatings,  as  discussed 
below. 

In  the  present  studies,  the  temperatures  at  various 
locations  at  the  surface  and  in  the  interior  of  the  pins  were 
monitored  by  thermocouples  mounted  flush  with  the 
surface  and  inside  an  axial  blind  hole.  The  changes  in  pin 
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surface  temperature  distribution,  as  a  function  of  gas 
temperature  and  gas  velocity  and  the  changes  in  metal 
temperature  at  the  core  of  the  pins,  as  a  function  of 
number  of  thermal  cycles,  were  established  in  this 
manner.  For  surface  temperature  measurements,  holes 
drilled  radially  and  along  the  axes  of  the  pins  were  used 
as  feedthroughs  for  the  thermocouple  leads,  to  avoid 
disturbing  the  heat  transfer  boundary  layer  around  the 
pins.  Several  pins  with  one  thermocouple  each,  and  with 
thermocouple  beads  regularly  spaced  along  the  axes  of 
the  pins,  were  used  for  these  measurements.  A  schematic 
cross  section  of  the  instrumented  Vi  inch  diameter  pins, 
where  all  the  bead  positions  have  been  combined  in  a 
single  drawing  for  simplicity,  is  shown  in  Figure  4.  The 
surface  temperature  measurements  were  performed  on 
bare  pins. 


Figure  3  The  IAR  burner  rig  equipped  with  the  3- 
inch  exhaust  nozzle  for  testing  'A  inch  diameter  test 
pins. 


Figure  4  Schematic  cross  section  of  the 
instrumented  'A  inch  pins  showing  locations  of 
surface  thermocouples  positioned  at  regular 
intervals  along  the  pin  length. 

Internal  temperatures  were  only  measured  in  the  case  of 
the  'A  inch  diameter  pins.  The  intent  was  to  track  the 
degradation  in  thermal  protection  efficiency  of  their 
TBC’s  as  a  function  of  number  of  thermal  cycles,  or  test 
time,  through  measurements  of  drifts  in  heating  and 
cooling  rates  during  thermal  cycling.  To  measure  the 
internal  metal  temperatures,  thermocouples  (one  per  pin) 
were  mounted  with  their  beads  pushed  against  the  bottom 
of  a  blind  hole  drilled  along  the  axes  of  the  pins,  using  a 
spring-loaded  mechanism.  A  schematic  of  the 
instrumented  Vi  inch  diameter  pin  is  shown  in  Figure  5, 


while  a  close-up  view  of  the  spring  loaded  mechanism  is 
shown  in  Figure  6,  with  the  test  pins  removed  from  the 
carrousel,  but  with  the  thermocouples  still  in  place.  The 
spring-loaded  device  ensured  that  the  thermocouple  beads 
were  kept  in  contact  with  the  bottom  ends  of  the  holes, 
irrespective  of  the  degree  of  thermal  expansion  and 
contraction  experienced  by  the  pins  during  thermal 
cycling.  The  position  of  the  bottom  of  the  hole  was 
chosen  to  correspond  to  the  position  within  the  hot  gas  jet 
known  to  experience  the  highest  temperature,  in  order  to 
record  the  maximum  metal  core  temperatures. 


Figure  5  Schematic  cross  section  of  the 
instrumented  'A  inch  pins  showing  the  axial  blind 
hole  within  which  thermocouples  were  held  in 
positive  contact  with  the  bottom  end  of  the  holes  to 
measure  metal  core  temperatures  of  the  pins 
reliably. 


Figure  6  Close  up  view  of  the  instrumented 
carrousel  showing  the  spring  loaded  thermocouple 
retention  fixture  which  ensured  the  thermocouple 
beads  were  kept  in  contact  with  the  test  pins  (not 
shown)  during  thermal  cycling. 

Burner  rig  tests  involved  up  to  2150  cycles  of  4  minutes 
of  heating  in  the  high  velocity  hot  gas  jet  followed  by  2 
minutes  of  forced  air  cooling.  In  some  cases,  the  gas 
temperature  was  increased  in  a  stepwise  manner,  from  a 
minimum  of  1300°C  to  a  maximum  of  1500°C,  to 
increase  the  severity  of  the  tests  and  ensure  that  failure  of 
the  coatings  occurred  before  the  end  of  the  tests.  The 
surface  conditions  of  the  pins  and  their  weight  to  the 
nearest  0.5  mg  were  recorded  before  testing  and  after 
every  50  to  150  cycles.  The  weight  changes  provided  a 
measure  of  the  spalling  resistance  of  the  various  TBC’s  to 
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the  combined  effects  of  thermal  loads  and  hot  gas 
erosion.  Changes  in  the  heating  and  cooling  rates  of  the 
pins  during  thermal  cycling  were  also  extracted  on-line 
from  internal  temperature  measurements.  Finally,  the 
microstructures  of  the  TBC’s  were  compared  before  and 
after  testing,  and  the  extent  of  thermally  induced 
microstructural  changes,  including  phase  transformation 
as  revealed  by  x-ray  diffraction,  was  assessed. 

3.  RESULTS  AND  DISCUSSION 

3.1  Effects  of  Pin  Size  and  Testing  Conditions  on  Pin 
Temperatures 

The  variation  of  pin  temperature  during  thermal  cycling 
depends  on  the  heat  transferred  between  the  pin  and  the 
hot  and  cold  gas  jets.  This  heat  transfer  is  discussed  in 
detail  and  modelled  elsewhere,  for  the  case  of  an  airfoil¬ 
like  test  coupon  (16).  Considerable  heat  losses  arise  from 
radiation  from  the  surface  of  the  pins  and  by  conduction 
towards  their  free  ends  and  into  the  carrousel  body. 
Consequently,  the  maximum  temperatures  reached  by  the 
pins  are  considerably  lower  than  the  maximum 
temperature  of  the  impinging  hot  gases.  A  record  of  core 
temperatures  over  a  complete  thermal  cycle  (4  minutes  of 
heating  in  Mach  0.22  1500°C  gas,  followed  by  2  minutes 
of  air  cooling),  for  12  coated  14  inch  diameter  pins,  is 
shown  in  Figure  7.  Pin  temperatures  are  seen  to  rise 
rapidly  at  first  until,  after  about  two  minutes,  they 
stabilize.  The  maximum  steady  state  temperature  reached 
by  the  pins  at  the  end  of  the  heating  cycle  depends  to 
some  degree  on  the  TBC  and,  on  average,  is  about  350°C 
lower  than  the  gas  temperature. 
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Figure  7  Typical  thermal  cycles  experienced  by  % 
inch  diameter  pins  as  revealed  by  thermocouples 
inside  axial  blind  holes  in  pins  (see  Figure  5). 

The  temperatures  of  a  series  of  instrumented  'A  inch 
diameter  pins,  as  recorded  by  surface  and  internal 
thermocouples  over  parts  of  the  heating  portion  of  a 
thermal  cycle,  are  shown  in  Figure  8.  These  data  were 
obtained  from  5  uncoated  pins  (T1  to  T5),  each  equipped 
with  a  surface  thermocouple,  and  2  coated  (Tc-Ca8  and 
Tc-Cal  1)  and  one  bare  pin  (Tc-bare),  each  equipped  with 
one  internal  thermocouple.  The  core  temperatures  of  the 
coated  pins  rise  more  slowly  than  those  of  the  bare  pins, 
due  to  the  thermal  insulating  effect  of  the  TBC’s. 


However,  the  coated  pins  reach  higher  steady  state  core 
temperatures  than  do  the  bare  pins,  as  the  rates  of  heat 
loss  from  the  free  ends  of  the  coated  pins  are  reduced 
relative  to  bare  pins.  Also,  the  internal  temperatures  of 
both  bare  and  coated  pins  are  higher  than  their  surface 
temperatures.  This  difference  increases  with  gas 
temperature  and  is  higher  in  coated  pins,  as  shown  in 
Table  1. 
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Figure  8.  Surface  and  internal  temperature  histories 
revealed  by  instrumented  test  pins  over  parts  of  the 
heating  portion  of  a  thermal  cycle  involving  4 
minutes  of  heating  in  Mach  0.22,  1500°C  gas. 
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Figure  9  Surface  temperature  histories  revealed  by 
instrumented  %  inch  diameter  pins  over  parts  of  the 
heating  portion  of  a  thermal  cycle  involving  4 
minutes  of  heating  in  Mach  0.45  1400°C  gas. 

The  heating  and  cooling  rates  for  14  inch  diameter  pins 
during  thermal  cycling,  and  the  maximum  metal 
temperatures  reached  under  steady  state,  were 
significantly  higher  than  those  observed  on  the  'A  inch 
diameter  pins,  when  tested  at  equivalent  gas  temperatures 
and  mass  flow  rates  of  hot  gas.  For  instance,  at  a  gas 
temperature  of  1400°C,  with  primary  and  secondary 
airflows  adjusted  to  give  a  gas  velocity  of  Mach  0.45,  less 
than  20  seconds  were  needed  for  14  inch  pins  to  reach 
their  maximum  steady  state  temperatures,  as  shown  in 
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Temperature  Distribution  along  Length  of  0.5  Diameter  Test 
Pins  as  a  Function  of  Gas  Temperature 


Temperature  Distribution  Along  the  Length  of  0.25  Inch  Dia. 


Distance  From  End  of  Pin  in  0.25  Inch  Increments 


(a)  (b) 

Figure  10  Profiles  of  steady  state  pin  (bare)  surface  temperatures  for  (a)  14  inch  diameter  pins,  and  (b)  % 
inch  diameter  pins,  measured  at  different  gas  temperatures  and  gas  velocities. 


Tgas 

°c 

Mach 

# 

T  surface 
(max) 

T  core 
(bare) 

T  core 
(coated) 

AT 

(bare) 

AT 

(coated) 

1300 

0.2 

989 

996 

999 

7 

10 

1400 

0.22 

1031 

1048 

1067 

17 

36 

1500 

0.22 

1097 

1122 

1146 

25 

49 

Table  1  Comparison  of  surface  temperatures,  axial 
temperatures  and  differences  between  the  two  for 
bare  and  coated  !4  inch  pins  exposed  to  different 
gas  temperatures  and  velocities. 

Figure  9.  This  compares  with  more  than  80  seconds  for 
14  inch  pins,  tested  at  a  higher  gas  temperature  of  1500°C, 
and  the  same  primary  and  secondary  air  flows,  Figure  7. 
When  both  types  of  pins  were  heated  in  a  1400°C  gas  jet, 
the  maximum  steady  state  temperature  of  14  inch  diameter 
pins  was  of  the  order  of  1 100°C,  whereas  it  was  only 
1040°C  for  14  inch  pins.  This  is  shown  in  Figure  10 
which  compares  the  surface  temperatures  of  14  inch  and 
14  inch  diameter  bare  pins  measured  at  different  axial 
positions  along  their  lengths,  over  a  broad  range  of  gas 
temperatures  and  velocities  (i.e.  under  different  ratios  of 
primary  and  secondary  gas  pressures).  The  differences  in 
temperature  at  equivalent  mass  flow  rates  of  hot  gas  can 
be  ascribed  to  the  higher  velocities  that  were  achieved 
with  the  smaller  exhaust  nozzle  used  with  14  inch  pins, 
typically  Mach  0.45  for  14  inch  pins  vs.  Mach  0.22  for  14 
inch  pins.  The  temperature  gradients  along  the  length  of 
both  types  of  pin  were,  however,  qualitatively  similar. 

These  temperature  gradients  simulate  those  present  on 
actual  engine  parts  and  can  be  adjusted  to  meet  specific 
test  requirements  by  varying  pin  length  or  pin  position 
within  the  hot  gas  jet.  At  any  given  gas  temperature  and 
velocity,  minimizing  the  length  of  the  free  end  of  a  pin 
extending  outside  the  gas  jet,  will  increase  maximum  pin 


temperature,  owing  to  decreased  heat  losses  from  the  free 
end.  Conversely,  increasing  the  pin  length  will  result  in 
steeper  longitudinal  thermal  gradients.  These  gradients 
can  be  used  to  advantage,  and  their  shape  optimized,  to 
study  the  combined  effects  of  thermal  fatigue,  gas  erosion 
and  hot  corrosion  of  ceramic  overlays  and  bond  coats. 
With  corrosive  contaminants  (sulfur  in  fuel  plus  atomized 
sea-salt  solution  in  combustor  air)  added  to  the  hot  gas 
jet,  those  regions  of  the  pins  exposed  to  surface 
temperatures  between  700°C  to  900°C  may  suffer  fluxing 
of  the  ceramic  oxide  overlays  leading  to  breakdown  of 
the  TBC  system.  The  contaminants  may  also  penetrate 
along  thermally  induced  cracks  and  attack  the  bond  coat. 
These  forms  of  hot  corrosion  could  affect  the  regions  of 
coated  components  where  temperature  drop  below 
900°C,  in  engines  operating  in  marine  environment.  The 
burner  rig  test  is  an  ideal  tool  to  study  the  susceptibility 
of  different  TBC  systems  to  this  form  of  attack,  and  its 
interactions  with  other  forms  of  thermally  driven  damage, 
should  be  investigated. 

For  durability  assessment  of  coatings,  it  may  be 
preferable  to  use  14  inch  rather  than  !4  inch  diameter  pins, 
because  in  addition  to  being  more  severely  thermally 
shocked,  the  14  inch  pins  will  accumulate  more  time  at 
maximum  temperature.  Thus,  over  the  same  number  of 
thermal  cycles  the  bond  coat  on  a  14  inch  pin  will  be 
oxidized  more  than  on  a  14  inch  diameter  pin. 
Accumulation  of  oxidation  damage,  can  be  life  limiting  in 
many  applications  (8-10)  and  is  more  easily  simulated 
with  14  inch  diameter  pins. 

3.2  Damage  Accumulation 

The  first  sign  of  damage  incurred  by  the  TBC’s  during 
thermal  cycling  was  in  the  form  of  a  network  of  cracks 
developed  over  regions  of  both  the  14  and  14  inch  pins 


exposed  to  the  hot  gases.  The  cracked  surface  of  an 
EBPVD  coating  on  a  !4  inch  pin,  after  some  thermal 
cycling  had  been  applied,  is  shown  in  Figure  11. 


Figure  11  Network  of  surface  cracks  formed  on 
EBPVD  TBC’s  soon  after  initiation  of  thermal  cycling 
in  burner  rig. 

The  cracks  in  this  instance  penetrate  right  down  to  the 
bond  coat,  as  revealed  in  Figure  12.  A  thin  oxide  layer 
has  formed  at  the  ceramic  bond  coat  interface,  where 
delamination  occurred.  Networks  of  cracks  were  also 
observed  in  plasma  sprayed  coatings.  The  density  of 
cracks  and  their  morphology  depended  on  processing 
conditions  and  the  degree  of  cracking  was  usually  more 
severe  in  thicker  coatings.  Cracks  were  present  even  in 
as-deposited  APS  coatings,  when  the  ceramic  layer  was 
thick  (300-400  pm). 


spalling  initiation  varied  with  the  deposition  method,  and 
even  more  significantly,  with  processing  conditions  for 
each  of  the  deposition  methods.  Some  coatings  from  all 
four  forms  of  TBC’s  investigated  (EBPVD,  APS, 
VPS/APS  and  VPS)  were  found  to  survive  temperatures 
up  to  1500°C  for  several  hundred  cycles,  without 
spalling.  A  series  of  APS  TBC’s,  after  rig  testing  are 
shown  in  Figure  13.  The  1 .2  mm  thick  calcia  based 
coating,  (pin  (a)  in  Figure  13),  shows  no  evidence  of 
spalling,  whereas  the  zirconia  based  TBC’s  (all  about  300 
pm  thick,  pins  (b)  to  (f),)  exhibit  varying  degrees  of 
delamination. 


(a)  (b)  (c)  (d)  (e)  (f) 


Figure  13  Conditions  of  a  series  of  APS  coated  % 
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Figure  12  Metallographic  cross-section  through 


EBPVD  TBC  showing  transverse  crack  through  Figure  14.  Micrographs  illustrating  onset  of  failure 

coa  mg  penetrating  all  the  way  down  to  the  bond  mechanism  in  zirconia  based  APS  TBC,  by  cracking 

coat  above  the  interface  with  the  bond  coat. 


Ablation  from  the  surface  of  the  TBC’s  due  to  erosive 
action  of  the  high  velocity  hot  gases  was  also  observed  on 
all  the  coatings  examined.  In  the  latter  stages  of  the  tests, 
most  of  the  TBC’s  experienced  spalling,  or  delamination, 
of  their  ceramic  topcoats.  The  number  of  cycles  to 


A  thin  layer  of  ceramic  coat  remained  attached  to  the 
surface  of  the  hottest  sections  of  the  zirconia  pins.  This  is 
due  to  spalling  occurring  in  these  APS  coatings  by 
propagation  and  linking  of  cracks,  about  30  pm  above  the 
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surface  of  the  bond  coat,  as  shown  in  Figure  14.  The 
vertical  cracks  may  relieve  the  stresses  at  the  interface, 
thereby  reducing  the  driving  force  for  delamination.  One 
of  the  pins,  (b)  in  Figure  13,  shows  evidence  of  bond 
coat  oxidation,  where  the  ceramic  topcoat  has  been 
entirely  eroded  away  by  the  hot  gases.  These  observations 
are  generally  consistent  with  expected  modes  of  failure 
for  APS  coatings  (8-10). 

3.3  Damage  Monitoring  and  Quantification 

Weight  Change  Measurements 
Changes  in  the  weight  of  some  coated  !4  inch  pins, 
measured  over  1150  thermal  cycles,  are  presented  in 
Figure  15.  The  weight  losses  observed  for  all  the  TBC’s 
are  due  to  gas-induced  ablation  and  spalling  of  the 
topcoats,  during  the  test.  The  thick  APS  calcia-based 
coating  appeared  to  have  incurred  the  least  damage  in  this 
test,  while  the  performance  of  APS  zirconia-based 
coatings  varied  greatly  with  processing  conditions.  The 
relationships  between  processing  conditions, 
microstructures  and  properties  of  APS  coatings  are  being 
investigated  at  NRC  and  the  results  will  be  published 
elsewhere  (11,12). 
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Number  of  Thermal  Cycles 

Figure  15  Changes  in  mass  of  a  series  of  APS 
coated  Vs-  inch  pins  as  a  function  of  number  of 
thermal  cycles  over  a  test  100  cycles  at  1350°C 
followed  by  1050  cycles  at  1500°C. 

Changes  in  the  weight  of  some  coated  14  inch  pins 
processed  by  EBPVD,  VPS  (bond)/APS  (ceramic)  and 
VPS  are  presented  in  Figure  16.  All  coatings  experienced 
weight  gains  at  the  onset  of  testing.  This  is  from 
oxidation  of  the  bond  coats  and,  possibly  absorption  of 
oxygen  by  the  substoichiometric  zirconia  of  the  VPS 
coatings.  Because  the  14  inch  pins  spent  more  time  at  the 
maximum  gas  temperature,  as  compared  to  14  inch  pins, 
(see  Figures  7  and  9  for  comparison),  there  was  more 
time  available  for  their  metallic  bond  coats  to  oxidize,  in 
the  course  of  the  test.  This  was  followed  by  weight  loss 
from  ablation  and  spalling  of  the  ceramic  topcoats,  until 
the  temperature  was  raised  from  1200°C  to  1300°C  and 
higher,  beyond  which  the  weights  increased  again.  These 


trends  are  due  to  the  rate  of  bond  coat  oxidation 
increasing  with  temperature. 

The  data  shown  in  Figure  16  also  reveal  that  processing 
conditions  during  deposition  can  be  adjusted  to  achieve 
improved  performance  with  VPS  coatings.  The  optimized 
VPS  coating  showed  minimum  weight  changes  for  more 
than  1000  cycles  at  gas  temperatures  up  to  1400°C, 
indicative  of  good  resistance  to  ablation  and  spalling. 
However,  it  spalled  off  rapidly  after  the  temperature  was 
raised  to  1500°C,  as  did  the  APS  coatings. 


Figure  16  Changes  in  the  mass  of  a  series  of 
EBPVD,  APS  and  VPS  coatings  applied  to  %  inch 
pins  as  a  function  of  number  of  rig  thermal  cycles. 
The  thermal  cycling  schedule  is  shown  in  the  figure 

Only  the  EBPVD  coating  survived  the  entire  duration  of 
the  thermal  cycling  at  1500°C,  because  of  the  higher 
strain  tolerance  of  its  columnar  microstructure.  The 
apparent  shortcoming  of  APS  coatings  should  be  viewed 
with  caution,  however,  because  the  test  conditions  were 
not  entirely  representative  of  service  conditions.  The 
stresses  within  the  coatings,  caused  by  the  difference  in 
thermal  expansion  between  the  coatings  and  substrates 
were  much  larger  in  pins  than  those  expected  to  prevail  in 
actual  service  parts,  which  are  cooled  by  internal  air  flow. 
The  internal  metal  temperatures  of  the  uncooled  pins 
were  actually  greater  than  the  surface  temperatures,  by  up 
to  50°C  at  the  centre  of  the  pins  under  steady  state 
conditions,  as  seen  from  Table  1.  Under  these  conditions, 
the  ceramic/metallic  bond  coat  interface  would  be 
subjected  to  veiy  large  shear  stresses  conducive  to 
accelerated  spalling,  as  observed  experimentally  Thus  the 
coatings  on  pins  may  have  faced  conditions  that  were  too 
severe,  possibly  representing  an  extreme  limiting  case  for 
plasma  sprayed  coatings.  Using  internally  cooled  pins 
and  ensuring  that  adequate  time  is  spent  at  maximum 
temperature  during  thermal  cycling,  to  promote  bond  coat 
oxidation  as  experienced  in  service,  would  provide  a 
more  realistic  testing  environment  and  possibly  different 
TBC  ranking.  Work  is  underway  at  IAR  to  address  this 
issue. 
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Heating  Rates  Measurements 
The  maximum  heating  rates  experienced  by  coated  14 
pins,  as  measured  by  thermocouples  located  inside  the 
pin’s  axial  blind  holes,  are  plotted  in  Figure  17  as  a 
function  of  the  number  of  thermal  cycles.  Each  data  point 
in  Figure  17  corresponds  to  the  maximum  slope  of  the 
rising  portions  of  the  temperature/time  curves  obtained 
for  each  of  the  thermal  cycles,  examples  of  which  are 
shown  in  Figures  7  and  8.  There  are  several  features  in 
Figure  17  that  warrant  comment.  Firstly,  the 
discontinuities  in  the  data  arise  from  interruptions  in  the 
test  sequence  required  to  weigh  the  pins,  following  blocks 
of  5,  50  or  150  thermal  cycles.  The  initial  sharp  drop  in 
heating  rates  at  the  onset  of  each  block  is  due  to  the  pins 
being  at  room  temperature  at  the  onset  of  the  first  cycle  in 
a  block,  and  at  greater  than  room  temperature  for 
subsequent  cycles,  because  the  pins  do  not  cool  down 
fully  to  room  temperature  at  the  end  of  a  cycle  (see 
Figure  7). 
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Figure  17  Changes  in  heating  rates  of  a  V2  pin 
coated  with  zirconia  as  function  of  number  of 
thermal  cycles  applied  to  the  pin,  showing  change  in 
heat  transfer  characteristics  of  coated  system. 


were  used  in  the  present  experiments  tended  to  oxidize 
and  fail  by  thermal  fatigue.  Type  S  thermocouples  should 
perform  better  in  this  application  and  ought  to  be  tested. 
Also,  the  measurements  should  be  made  on  pins  that  are 
internally  cooled  to  better  simulate  the  thermal  gradients 
and  levels  of  thermally  induced  stresses  experienced  by 
TBC’s  applied  to  internally  cooled  components. 

CONCLUSIONS 

This  work  has  shown  that  the  modes  and  rates  of 
degradation  of  TBC’s  during  burner  rig  testing  of  coated 
solid  round  pins  are  influenced  by  many  test  parameters, 
besides  being  influenced  by  differences  in  deposition 
method  and  processing  conditions. 

Pins,  V*  inch  in  diameter,  heat  up  and  cool  down  much 
faster  than  14  inch  pins.  They  also  reach  a  higher 
temperature  and  spend  more  time  at  maximum 
temperature  over  the  duration  of  a  thermal  cycle.  Thus, 
coatings  applied  to  14  inch  pins  will  be  subjected  to 
higher  transient  and  steady  state  stresses,  and  their  bond 
coat  will  oxidize  more  in  the  course  of  a  test,  as 
compared  to  14  inch  pins. 

Over  the  steady  state  portion  of  a  thermal  cycle,  the 
internal  temperature  of  a  solid  pin  is  higher  than  its 
surface  temperature.  This  difference  is  larger  in  a  TBC 
coated  pin  than  in  a  bare  pin.  High  internal  temperatures 
in  coated  pins  cause  high  shear  stresses  near  the  interface 
between  the  ceramic  and  metallic  layers  of  the  TBC, 
owing  to  differential  thermal  expansion  between  the  two 
media,  thereby  promoting  delamination  near  this 
interface.  Because  of  their  highly  strain  tolerant  columnar 
microstructure,  EBPVD  coatings  generally  fared  better 
than  thermally  sprayed  coatings  under  such  testing 
conditions.  Using  internally  cooled  pins,  to  better 
simulate  service  conditions,  would  reduce  the  magnitude 
of  these  stresses  and  provide  a  more  realistic  laboratory 
ranking  of  TBC  coatings. 


As  the  temperature  at  the  start  of  a  cycle  increases,  the 
apparent  heating  rate  inside  the  pin  decreases.  It  takes 
several  cycles  for  heating  rates  to  become  stable  because 
of  the  complex  heat  transfer  transients  affecting  the  pins 
and  their  supporting  carrousel.  Secondly,  the  general 
upward  trend  in  the  data,  observed  within  each  block  and 
from  block  to  block  across  the  plot,  may  be  viewed  as  an 
indication  of  the  breakdown  in  thermal  protection 
efficiency  of  the  TBC  system.  As  the  coating  ablates,  or 
spalls  off  the  test  pin,  the  internal  heating  rates  increase, 
as  expected,  because  heat  is  transferred  more  quickly  into 
the  pins.  Thirdly,  there  appears  to  be  a  threshold  number 
of  applied  thermal  cycles  beyond  which  the  increase  in 
heating  rate  accelerates  sharply.  This  threshold  is  of  the 
order  of  500  cycles,  and  corresponds  to  the  point  beyond 
which  significant  weight  loss  was  recorded  for  this 
coating,  as  shown  in  Figure  15.  Thus,  monitoring  the 
internal  temperatures  of  coated  pins  could  be  used  as  an 
alternative  method  for  the  quantification  of  damage 
accumulation  in  TBC’s.  However,  further  work  is  needed 
to  develop  this  technique.  The  type  K  thermocouples  that 


The  performance  of  each  type  of  TBC  examined,  is  a 
strong  function  of  processing  conditions.  Analysis  of 
damage  modes  arising  from  thermal  cycling  in  a  rig 
confirms  that  plasma  sprayed  coatings  spall  by  cracking 
of  the  ceramic  overlay,  above  the  interface  with  the  bond 
coat,  and  in  the  case  of  EBPVD  coatings,  by  cracking 
within  the  oxide  layer  that  builds  up  at  the  surface  of  the 
bond  coat.  The  failure  modes  differ  because  of 
differences  in  the  degree  of  strain  tolerance  of  the  two 
types  of  coatings. 
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Summary 

The  most  durable  TBCs  (Thermal  Barrier  Coatings)  are 
yttria  partially  stabilized  zirconia  coatings  which  are 
applied  by  EB-PVD  (Electron  Beam  Physical  Vapor 
Deposition)  on  metallic  bond  coats.  The  EB-PVD  proc¬ 
ess  offers  the  advantage  of  a  superior  strain  and  ther¬ 
moshock  tolerant  behavior  of  the  coatings  due  to  their 
columnar  microstructure.  The  interface  between  ceramic 
and  metal  is  the  weakest  link  in  this  system.  Spallation 
occurs  in  that  area  which  is  mainly  attributed  to  oxidation 
of  the  bondcoat  and  to  thermomechanical  stresses  of  this 
two-layered  coating. 

The  concept  of  graded  materials  is  one  approach  to 
lower  both  stresses  and  also  oxidation  of  the  bondcoat. 
This  concept  is  presented  in  detail  with  special  emphasis 
on  chemically  graded  alumina-zirconia  TBCs.  Micro¬ 
structures  and  phases  of  alumina,  alumina-zirconia,  and 
of  graded  coatings  deposited  by  EB-PVD  are  evaluated. 
Mainly  alumina  undergoes  phase  transformation  in  the 
mixed  and  graded  layers  from  the  amorphous  state  to 
the  desired  a-Al203.  Finite  element  modeling  was  per¬ 
formed  to  study  the  influence  of  coating  thickness  and 
composition  on  heat  flux  and  stress  distribution. 

1.  Introduction 

Thermal  barrier  coatings  (TBCs)  are  increasingly  used 
in  gas  turbines  for  aircraft  engines  and  for  power  gen¬ 
eration.  They  must  withstand  for  a  long  time  heavy 
thermal  cyclic  loads  under  oxidizing  conditions.  The 
application  range  for  TBCs  in  gas  turbines  includes 
insulation  of  the  combustion  chamber  and  protection  of 
turbine  blades  and  vanes.  Major  advantages  and  key 
factors  that  rule  the  lifetime  of  TBC  systems  have  been 
described  elsewhere  /l,  2/. 

Development  of  gas  turbines  clearly  aims  for  increased 
gas  turbine  inlet  temperatures  (TIT)  passing  well  be¬ 
yond  1600°C.  Future  TBC  applications  as  integral  de¬ 
sign  elements  of  highly  loaded  engine  parts  need  a 
higher  temperature  capability  of  the  TBC,  a  better 
bonding  of  the  ceramic  on  the  metal  and  also  a  lower 
oxidation  rate  of  the  bond  coat.  Thermomechanical 
stresses  caused  by  this  high  TIT  can  only  be  maintained 
by  usage  of  uneconomically  extensive  cooling  tech¬ 
niques  or  by  the  introduction  of  electron-beam  physical 
vapor  deposited  TBCs  131.  The  latest  generation  of 
TBCs  offers  significantly  extended  lifetimes  compared  to 
plasma-sprayed  TBCs,  smooth  aerodynamically  attractive 
surfaces  and  only  minor  cooling  hole  closure.  The  superi¬ 


ority  of  EB-PVD  TBCs  is  due  to  their  columnar  micro¬ 
structure.  Their  processing,  microstructure,  and  lifetime 
in  service  is  often  described  in  literature  /1 , 4,  5,  6,  7,  8/. 
But  there  is  still  a  lack  of  detailed  understanding  of 
failure  mechanisms  and  damage  accumulation  on  a 
microscopic  scale  that  can  be  combined  with  stress 
modeling,  thus  enabling  a  phenomenological  based  safe 
life  prediction  under  the  wide  variety  of  application 
conditions. 

State-of-the-art  TBCs  for  turbine  blades  consist  of  an 
oxidation  protective  bond  coat  (BC)  (typically  alu- 
minides  or  MCrAlY,  M=Ni,  Co),  and  a  thermally  insu¬ 
lating  yttria  partially  stabilized  zirconia  (YPSZ)  top 
layer.  This  multilayer  system  is  not  thermally  stable 
under  long  time  exposure  at  elevated  temperatures.  A 
thermally  grown  oxide  scale  (TGO)  is  formed  by  oxi¬ 
dation  at  the  BC/zirconia  interface.  This  scale  consists 
mainly  of  alumina  formed  by  selective  oxidation  of 
aluminum  from  the  bond  coat  but  it  can  vary  from  this 
ideal  constitution  particularly  in  the  early  stages  of 
oxidation  19,  10/.  The  TGO  and  the  interfaces  to  BC  and 
TBC  are  the  crucial  locations  of  the  TBC  system  that 
determine  in  most  cases  the  lifetime.  In  addition,  inter¬ 
diffusion  between  the  bond  coat  and  substrate  leads  to 
microstructural  changes  in  the  BC.  Another  phenomena 
is  the  reduction  of  thermal  shock  resistance  of  the  zir¬ 
conia  layer  due  to  sintering.  Having  these  phenomena  in 
mind,  several  potential  areas  for  the  application  of  the 
Functionally  Gradient  Materials  (FGM)  concept  for  a 
TBC  system  can  be  suggested. 

2.  Graded  Thermal  Barrier  Coating  Systems 

Graded  materials  are  characterized  by  a  one  or  more 
dimensional  continuous  or  stepwise  change  of  material 
properties.  The  change  is  designed  to  achieve  optimum 
materials  behavior  for  a  given  loading  situation.  FGMs 
differ  from  bulk  materials  and  composites  by  their 
macro-  and  microscopic  inhomogeneity.  To  lower  re¬ 
sidual  stresses,  coatings  can  be  optimized  for  the  case  of 
fabrication  and/or  application  conditions.  Both  cases 
may  demand  different  approaches.  The  design  of  graded 
materials  is  mainly  optimized  by  numerical  or  analytical 
calculations.  By  applying  the  FGM  concept,  changes  in 
the  magnitude  or  location  of  the  critical  local  stresses 
can  be  achieved,  although  not  all  stress  components  are 
reduced  in  every  case.  To  improve  performance  it  is 
often  only  necessary  to  modify  the  stresses  which  cause 
failure. 


Paper  presented  at  an  AGARD  SMP  Meeting  on  “ Thermal  Barrier  Coatings”, 
held  in  Aalborg,  Denmark,  15-16  October  1997,  and  published  in  R-823. 
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For  TBCs  a  continuously  graded  layer  between  bond 
coat  and  zirconia  would  lower  the  stresses  at  the  inter¬ 
face  substantially.  Those  systems  have  been  described 
very  early  for  plasma  spraying  /1 1/  and  for  EB-PVD  too 
/12/,  but  more  recently  investigations  have  indicated 
that  they  are  limited  in  their  potential  application. 
Graded  bondcoat-zirconia  layers  showed  improved 
performance  under  pure  thermal  cycling  conditions  but 
they  suffer  from  rapid  oxidation  of  BC  particles  in  the 
zirconia  due  to  their  high  surface  area  under  oxidizing 
conditions.  This  results  in  a  dramatic  performance  re¬ 
duction  compared  to  multilayered  TBCs  /1 3,  14,  15, 
16/.  A  possible  application  field  for  this  kind  of  graded 
metal-ceramic  coating  would  be  limited  to  non¬ 
oxidizing  conditions  or  short  time  exposure,  e.g.  reen¬ 
try.  But  for  turbine  engines  these  graded  coatings  are 
not  useful. 

In  1995  a  joint  research  program  on  functionally  graded 
materials,  funded  by  the  Deutsche  Forschungsgemein- 
schaft  (DFG),  was  started  in  Germany.  Part  of  this  pro¬ 
gram  is  the  investigation  of  graded  TBCs.  It  is  intended 
to  combine  the  thermal  insulation  potential  of  zirconia 
with  the  low  oxygen  diffusivity  of  alumina  or  similar 
materials.  Some  results  in  literature  indicate  that  the 
introduction  of  an  alumina  interlayer  between  bondcoat 
and  ceramic  offers  a  potential  solution  to  some  major 
problems  of  TBCs  by  incorporating  a  layer  with  re¬ 
duced  oxygen  diffusivity,  thereby  reducing  the  TGO 
growth  rate  and  prolonging  cyclic  lifetime  /17,  18,  19/. 
These  alumina  layers  has  been  fabricated  by  CVD  and 
sputtering  techniques.  Furthermore,  adhesion  of  EB- 
PVD  PYSZ  TBCs  is  known  to  be  favored  on  a- alumina 
compared  to  adhesion  on  MCrAlY  /10/. 

The  large  mismatch  in  coefficient  of  thermal  expansion 
(CTE)  between  discrete  layers  within  a  multicomponent 
TBC  system  results  in  residual  stresses  that  can  cause 
coating  failure.  Obviously,  fully  dense  alumina  layers 
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Fig.  1:  Comparison  of  conventional  and  graded  de¬ 
sign  of  TBCs 


can  not  be  maintained  under  thermocyclic  loading  due 
to  the  CTE  mismatch.  The  advantage  of  a  continuously 
graded  coating  compared  to  a  single  alumina  interlayer 
is  the  avoidance  of  a  sharp  discontinuity  in  properties 
and  the  associated  stress  concentrations.  Starting  with 
alumina  on  top  of  the  bondcoat  a  continuous  increase  of 
the  PYSZ  content  is  envisaged  to  benefit  from  the  FGM 
concept.  In  addition,  by  controlled  oxide/TBC  interface 
formation,  better  adhesion  and  reduced  thermal  stresses 
may  be  realized.  Among  the  large  variety  of  alumina 
polymorphs,  a-AI203  is  the  most  desirable  phase  be¬ 
cause  of  its  low  oxygen  diffusivity  and  high  thermal 
stability  at  the  application  temperature  range.  Therefore, 
one  target  is  to  get  a-alumina.  All  ceramic  layers  within 
the  graded  TBC  are  produced  by  PVD  techniques,  pref¬ 
erentially  by  high  rate  EB-PVD. 

Another  possibility  to  apply  the  FGM  concept  to  TBCs 
would  be  a  graded  layer  between  metallic  bondcoat  and 
an  alumina  interlayer.  This  approach  would  harden  the 
bond  coat  outer  region  and  therefore  lower  the  creep 
rate  of  MCrAlY.  Furthermore,  improved  adhesion  of 
the  alumina  is  expected  but  some  processing  problems 
will  occur  too. 

Fig.  1  shows  the  state-of-the  art  two-layer  coating  com¬ 
pared  to  the  new  proposed  graded  ceramic  design.  First 
results  of  the  work  carried  out  on  this  graded  TBC  sys¬ 
tem  have  been  published  previously  /20,  21,  22/. 

2.1  Processing  of  graded  TBCs 

In  order  to  combine  the  advantages  of  columnar  and 
graded  structures  several  issues  must  be  incorporated. 
The  vaporization  during  EB-PVD  depends  on  the  vapor 
pressure  of  each  compound  which  makes  it  difficult  to 
simultaneously  vaporize  materials  with  large  differences 
in  vapor  pressure  (e.g.  Zr02  and  Ce02).  Using  a  single 
source  coater  only  certain  chemical  gradients  can  be 
produced,  although  some  types  of  gradients  have  been 
successfully  produced,  e.g.  density  graded  PYSZ  and 
chemically  graded  bondcoats  /23,  24/.  Another  attempt 
is  the  use  of  a  special  mixture  of  aluminum,  alumina, 
and  zirconia  as  a  starting  composition  in  form  of 
pressed  tablets  on  top  of  YPSZ  ingots  to  get  a  graded 
structure  1251.  Controlled  chemically  graded  coatings 
can  be  fabricated  by  vaporizing  from  multiple  sources 
utilizing  one  or  more  electron  guns. 

To  develop  the  graded  TBC  system  described  above 
several  problems  had  to  be  solved  in  advance: 

-  evaporation  material  must  be  in  a  condition  that  allows 
continuous  evaporation 

-  influence  of  evaporation  conditions  on  microstructure 
of  single  alumina  layers  must  be  evaluated 

-  dual  source  evaporation  of  alumina  and  zirconia  to  get 
mixtures  of  both  species  must  be  established. 

Finally,  grading  from  alumina  to  YPSZ  was  carried  out. 
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2.2  Experimental  procedure 

In  the  present  study,  a  single  gun  dual  source  jumping 
electron  beam  coater  was  used  (for  details  see  151).  It 
consists  of  chambers  for  loading,  preheating  and  depo¬ 
sition  and  facilities  for  specimens  rotation  and  manipu¬ 
lation.  Ingots  of  50  mm  and  63  mm  diameter  were  fed 
into  the  crucibles  from  bottom  during  evaporation  in 
order  to  ensure  continuous  deposition.  By  adjusting 
electron  beam  parameters  different  deposition  rates  can 
be  achieved  for  each  source  via  independent  adjustment 
of  melting  pool  temperatures.  Alumina  films  were  de¬ 
posited  by  reactive  magnetron  sputtering  and  also  by 
reactive  EB-PVD. 

X-ray  diffraction  (XRD)  was  carried  out  with  Cu  Ka 
radiation.  If  not  noticed  explicit  otherwise  patterns  are 
given  corrected  for  background  and  Ko  2.  Concentration 
was  measured  quantitatively  by  energy  dispersive  X-ray 
spectroscopy  on  polished  cross  sections. 


3.  Results  and  discussion 
3.X  Alumina  ingots 

Semi-industrial  or  industrial  size  coaters  use  a  continu¬ 
ous  feeding  system  for  ceramic  rod  source  materials 
(ingots).  They  must  exhibit  a  high  thermal  shock  resis¬ 
tance  to  withstand  the  high  thermal  gradients  associated 
with  EB-PVD  processing.  Therefore,  ingots  generally 
have  a  relative  density  of  about  60%.  The  current  proc¬ 
essing  method  for  YPSZ  ingots  involves  powder  and 
material  specific  sintering  and  calcination  and  cannot 
easily  be  transferred  to  other  powders  or  materials.  An 
alternative  method  was  developed  that  involves  the  use 
of  bimodal  powder  mixtures  and  a  sinterless  powder 
metallurgical  processing  /21,  22,  26/.  This  processing 
route  can  be  applied  to  a  large  variety  of  different  pow¬ 
ders  and  materials  for  ceramic  rod  fabrication,  achiev¬ 
ing  suitable  vaporization  behavior  and  high  thermal 
shock  resistance  at  low  cost. 
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3.2.  Alumina  coatings 

Phase  content  and  morphology  of  alumina  coatings, 
produced  by  PVD  methods,  were  investigated  as  a 
function  of  process  parameters.  Chamber  pressure  dur¬ 
ing  alumina  evaporation  was  varied  by  an  optional 
additional  oxygen  gas  flow  and  by  adjustment  of  the 
pumping  rate  in  order  to  achieve  in  some  experiments 
reactive  conditions. 

In  the  case  of  lower  chamber  pressures,  extremely  high 
ceramic  deposition  rates  up  to  60  pm/mi  n  occurred.  In 
Fig.  2  an  example  is  given  for  a  coating  deposited  under 
such  conditions.  It  can  be  concluded  that  higher  deposi¬ 
tion  rates  and  the  associated  lower  chamber  pressures 
result  in  relatively  dense,  less  columnar  microstructures, 
probably  as  a  result  of  changed  adatom  mobility  1221. 

On  the  other  hand,  a  5  to  8  pm  thin  alumina  layer  de¬ 
posited  by  EB-PVD  under  reactive  conditions  exhibits  a 
columnar  microstructure.  After  annealing  a  tendency  to 
sintering  was  observed  1201. 

Thin  alumina  layers  produced  by  reactive  magnetron 
sputtering  showed  a  rough  surface  which  reproduces  the 
surface  of  the  underlying  metal  as  it  is  characteristic  for 
PVD.  In  Fig.  3  an  example  is  given  where  the  bond  coat 
morphology  is  still  visible  because  peening  was  omit¬ 
ted. 

Obviously,  the  morphology  of  alumina  films  produced 
by  PV  D  strongly  depends  on  deposition  parameters  and 
for  sputtering  on  the  substrate  surface  too.  Deposition 
rate,  chamber  pressure  and  atmosphere,  film  thickness, 
and  substrate  temperature  are  the  most  important  pa¬ 
rameters  that  rule  the  morphology  of  alumina. 

In  the  temperature  range  of  deposition  alumina  under¬ 
goes  phase  transformations,  so  that  not  only  microstruc¬ 
ture  of  the  coatings  but  also  phase  formation  depends  on 
the  substrate  temperature.  It  was  intended  to  get  the 
most  stable  alpha  phase  of  alumina. 

Alumina  deposition  was  carried  out  in  the  temperature 
range  between  750  and  1150°C.  In  Fig.  4  the  influence 


10  pm 


Fig.  2:  Cross  section  of  a  thick  alumina  coating 
obtained  by  EB-PVD  at  low  pressure 


Fig.  3:  Surface  of  sputtered  alumina  layer  on  top 
of  NiCoCrAlY  bondcoat 
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Fig.  4:  XRD  of  EB-PVD  alumina  films  for  various 
deposition  temperatures  (not  corrected) 

of  deposition  temperature  on  phase  formation  of  alu¬ 
mina  is  shown. 

XRD  peaks  were  broadened  for  alumina  films  deposited 
at  low  temperatures.  This  can  be  attributed  to  the  pres¬ 
ence  of  areas  within  the  coating  that  were  not  fully 
crystallized.  Coatings  deposited  at  the  highest  tempera¬ 
ture  showed  the  presence  of  only  the  stable  a-Al203 
phase.  Additionally  it  was  found  that  chamber  pressure 
and  deposition  rate  had  only  little  influence  on  phase 
formation  of  alumina  which  is  contrary  to  results  found 
for  the  morphology. 

Phase  transformation  was  also  studied  after  annealing  in 
the  temperature  range  between  1000°C  and  1200°C  for 
1  to  9  hrs.  Annealing  at  1000°C  had  little  effect  on  any 
of  the  coatings;  only  a  sharpening  of  diffraction  peaks 
was  observed.  For  all  coatings,  transformation  to  a- 
A1203  started  upon  annealing  at  1100°C.  Short  term  (1 
h)  annealing  at  1100°C  resulted  in  partial  transforma¬ 
tion  to  a-Al203.  The  higher  the  deposition  temperature 
was,  the  lower  was  the  tendency  for  phase  transforma¬ 
tion.  This  can  be  explained  by  the  fact  that  the  driving 
force  for  transformation  (i.e.  difference  between  coating 
and  annealing  temperature)  is  lower.  After  annealing  at 
1200°C  for  9hrs  all  coatings  consisted  mainly  of  a- 
A1203  with  only  small  amounts  of  other  phases  /21,  22/. 

Alumina  layers  deposited  by  reactive  magnetron  sput¬ 
tering  were  amorphous  but  they  showed  a  rapid  phase 
transformation  behavior.  Observations  are  in  good 
agreement  with  literature  data  on  alumina  layers  ob¬ 
tained  by  sputtering  /27,  28/  and  by  reactive  aluminium 
evaporation  /29/. 

As  a  consequence,  alpha  alumina  coatings  can  be 
achieved  either  by  in-situ  deposition  at  elevated  tem¬ 
peratures  or  by  post  coating  annealing.  Since  the  phase 
transformation  driving  force  is  proportional  to  the  tem¬ 
perature  difference  between  the  coating  temperature  and 


the  annealing  temperature,  coatings  deposited  at  lower 
temperature  show  faster  phase  transformation. 

3.3.  Mixed  alumina-zirconia  layers 

Due  to  the  continuous  change  of  composition  and  prop¬ 
erties  within  a  graded  alumina  -  PYSZ  coating  a  direct 
analyses  of  phases  is  difficult.  Therefore,  mixtures  of 
alumina  and  PYSZ  were  investigated.  They  represent 
individual  layers  of  the  graded  ceramic. 

Co-evaporation  of  alumina  and  PYSZ  was  carried  out 
using  the  jumping-beam  technique.  First,  vaporization 
parameters  such  as  scanning  pattern,  e-beam  focus, 
dwell  time  and  vapor  cloud  geometry  were  determined 
for  each  material  separately.  The  several  mixtures  of 
alumina/PYSZ  with  various  amounts  of  the  oxides  were 
produced  by  dual  source  evaporation. 

In  Fig.  5  chemical  composition  is  plotted  as  a  function 
of  sample  position  above  the  ingots.  Experiments 
clearly  show  that  dual  source  evaporation  of  two  ceram¬ 
ics  with  widely  differing  vapor  pressures  and  melting 
points  is  possible  using  the  jumping-beam  technique.  A 
mixing  of  both  ceramic  vapor  clouds  takes  place  and 
both  species  condense  on  the  substrates  thereby  forming 
mixed  layers.  While  the  portion  of  A1203  decreases  more 
rapidly  with  decreasing  distance  to  the  Zr02-ingot,  the 
portion  of  Zr02  rises  slower  and  shows  a  flatter  gradi¬ 
ent.  The  zirconia  content  is  predominant  in  all  coatings. 
The  reason  for  that  is  the  difference  of  vapor  pressures 
and  evaporation  behavior  between  Zr02  and  A1203  that 
leads  to  a  different  geometry  of  the  vapor  clouds.  Fur¬ 
thermore  it  can  be  assumed  that  the  re-evaporation  rate 
of  alumina  is  higher  than  that  of  zirconia  because  of  its 
lower  melting  and  boiling  point. 


Fig.  5:  Composition  of  mixed  alumina-PYSZ  layers 
as  a  function  of  position  in  the  chamber 


The  morphology  of  these  coatings  is  exemplified  in  Fig. 
6.  All  coatings  have  a  columnar  microstructure,  but 
contrary  to  pure  PYSZ  TBCs  the  alumina-zirconia 
coatings  show  a  much  more  closely  packed  structure. 
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Fig.  6:  SEM  of  mixed  alumina-PYSZ  layers,  frac- 
tograph  (above)  and  surface  (below) 

Moreover,  surfaces  of  the  columns  are  no  flat  faces  with 
characteristic  shapes  as  it  was  found  for  yttria  and  ceria 
stabilized  zirconias  /30/,  but  they  are  round  shaped  with 
cauliflower  type  appearance.  Furthermore  they  posses 
less  opened  inter-columnar  porosity.  Even  small 
amounts  of  alumina  can  cause  these  microstructural 
changes.  Since  microstructure  was  nearly  the  same  for 
all  mixtures,  one  can  conclude  that  not  the  amount  of 
alumina  but  the  presence  itself  is  sufficient  for  the 
change  in  morphology. 
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Fig.  7:  XRD  of  EB-PYD  mixed  coatings  from  alu¬ 
mina  and  PYSZ 


Results  of  XRD  are  shown  in  Fig.  7. 

Phase  analyses  only  reveals  strongly  broadened  PYSZ- 
peaks  which  are  getting  sharper  with  increasing  content 
of  zirconia.  No  alumina  peaks  were  found  in  the  as 
coated  condition.  This  suggests  that  alumina  only  exists 
as  an  amorphous  phase,  but  it  is  not  clear  where  this 
phase  is  located  beside  the  zirconia  crystals.  Additional 
investigations  by  transmission  electron  microscopy  are 
under  way  in  order  to  clarify  this  question. 

Because  of  the  broadened  peaks  zirconia  must  be  very 
fine  grained  which  is  contrary  to  pure  PYSZ  TBCs 
where  each  column  is  nearly  single  crystalline.  A  first 
calculation  of  the  grain  size  based  on  zirconia  peak  half¬ 
width  gave  evidence  for  5-15  pm  grains,  depending  on 
the  alumina  content.  Thermal  conductivity  and  other 
properties  of  this  fine-grained  two-phase  structure  may 
significantly  differ  from  values  that  were  calculated 
using  simple  rules  of  mixture.  Since  lattice  parameters 
of  PYSZ  are  only  slightly  changed  by  the  addition  of 
alumina  one  can  conclude  that  only  small  amounts  of 
alumina  were  incorporated  into  the  tetragonal  lattice  of 
the  t'  phase  of  PYSZ. 

3.4.  Graded  alumina-PYSZ  thermal  barrier  coatings 

By  continuously  changing  the  evaporation  rates  of 
alumina  and  zirconia  a  change  in  composition  over  the 
coating  thickness  was  achieved.  Due  to  the  different 
deposition  conditions  which  are  necessary  to  maintain 
suitable  evaporation  of  alumina,  zirconia  and  various 
mixtures  thereof,  an  increase  of  the  substrate  tempera¬ 
ture  occurs  with  increasing  zirconia  content  in  the  vapor 
cloud. 

Initially  a  pure  and  thin  alumina  layer  was  put  on  top  of 
a  NiCoCrAlY  bondcoat,  followed  by  compositional 
graded  mixed  alumina  -  PYSZ  layers.  At  the  top  side 
pure  PYSZ  was  deposited.  A  cross-section  of  such  a 
graded  coating  is  shown  in  Fig.  8.  The  backscattered 
electron  imaging  (right  part  of  picture)  indicates  a  steep 
gradient  in  chemical  composition  between  alumina  and 
zirconia.  In  contrast,  change  of  microstructure  from 
bottom  (alumina)  to  top  (zirconia)  appears  not  continu¬ 
ous. 


Fig.  8:  Cross  section  of  a  graded  alumina-PYSZ  TBC 
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Fig.  9:  Graded  alumina-PYSZ  coating,  composition 
(above)  and  fractograph  (below) 


Fig.  9  evidences  a  continuous  chemical  gradient.  For 
better  visibility  the  graded  layer  is  shown  as  a  fractured 
cross  section. 

Although  there  is  still  a  step  in  the  gray-scale  of  the 
SEM  picture  the  concentration  profile  shows  only  a 
slightly  steeper  change  of  concentration  in  this  area. 

Experiments  have  revealed  that  two-source  evaporation 
can  produce  a  distinct  graded  layer  although  only  one 
electron-beam  gun  has  been  used.  Application  of 
jumping  beam  technology  on  ceramics  requires  a  fast 


Fig.  10:  XRD  of  different  EB-PVD  TBCs 


beam  deflection  system  with  capability  of  beam  scan¬ 
ning  frequencies  up  to  1  kHz.  It  was  found  that  adjust¬ 
ing  the  beam  pattern  and  beam  focus  to  the  different 
ceramics  was  the  key  point  for  a  reproducible  evapora¬ 
tion  behavior  and  also  to  omit  spitting  mainly  from  the 
alumina  ingot.  This  task  is  complicated  because  zirconia 
needs  approximately  two  to  three  times  more  energy  for 
evaporation  but  beam  power  cannot  be  changed  quickly 
during  the  jumping  procedure. 

To  illustrate  the  problems  of  microstructure  investiga¬ 
tion  of  graded  layers  XRD  patterns  of  a  graded,  a  stan¬ 
dard  PYSZ  TBC,  and  a  powdered  PYSZ  TBC  are  com¬ 
pared  in  Fig.  10. 

The  absence  of  any  alumina  peaks  in  the  graded  layer 
must  be  noticed  which  is  similar  to  observations  on 
mixtures.  The  thin  PYSZ  layer  on  top  of  the  graded 
zone  additionally  complicates  the  investigation  of  the 
FGM  because  of  the  low  x-ray  penetration  depth  in 
zirconia.  The  highly  textured  growth  of  both  EB-PVD 
coatings  can  be  seen  but  some  differences  in  the  pre¬ 
ferred  orientation  can  be  already  determined  from  sim¬ 
ple  diffraction  patterns.  While  PYSZ  TBCs  grow  pri¬ 
marily  with  {100}  planes  parallel  to  the  surface  /5,  31/ 
the  graded  layers  posses  mainly  strong  {220}  and  {113} 
peaks.  Taking  into  account  the  results  of  mixed  layers 
(Fig.  7)  it  is  obvious  that  alumina  additions  to  PYSZ 
lower  the  tendency  to  preferred  growth  of  some  crystal¬ 
lographic  orientations.  The  fine  grain  size  within  graded 
layers  instead  of  single  crystalline  columns  in  case  of 
pure  PYSZ  may  further  contribute  to  the  observed  tex¬ 
ture  differences. 

In  a  final  step  the  fully  ceramic  graded  thermal  barrier 
coating  system  was  produced.  One  important  aspect  to 
consider  is  the  change  in  overall  thermal  conductivity  of 
the  graded  layer  due  to  the  higher  thermal  conductivity 
of  alumina  compared  to  zirconia.  This  also  depends  on 
the  compositional  gradient  itself,  and  it  has  to  be  com¬ 
pensated  by  an  additional  zirconia  layer.  Numerical  and 
analytical  computations  can  help  to  calculate  the  appro¬ 
priate  thermal  fluxes  and  thicknesses  of  the  individual 
layers.  This  topic  will  be  discussed  in  chapter  4. 

A  standard  PYSZ-TBC  of  approximately  200  pm  thick¬ 
ness  was  applied  on  top  of  the  graded  layer  in  order  to 
maintain  the  desired  thermal  conductivity  of  the  whole 
system.  The  TBC  is  shown  in  Fig.  1 1 . 

The  zirconia  layer  on  top  exhibits  the  desirable  colum¬ 
nar  microstructure  typical  for  EB-PVD  coatings.  The 
graded  region,  however,  is  characterized  by  a  coarser 
microstructure  within  the  columns  and  a  smaller  column 
diameter.  Here,  spacings  between  columns  seem  to  be 
smaller  and  the  FGM  looks  more  compact  compared  to 
the  opened  columnar  PYSZ  region.  The  temperature 
increase  during  evaporation  mentioned  above  may  have 
further  supported  occurrence  of  this  morphology.  Col¬ 
umns  go  through  from  the  graded  zone  to  the  PYSZ  top 
layer  which  is  necessary  for  a  good  bonding.  Micro- 


16-7 


structural  features  are  in  good  agreement  with  observa¬ 
tions  on  mixed  layers  described  in  chapter  3.3. 


Fig.  11:  Morphology  of  a  ceramic  graded  EB-PVD 
TBC  system 


4.  Finite  Element  Modeling  for  graded  TBCs 

Finite  Element  Method  (FEM)  and  analytical  calcula¬ 
tions  provide  a  useful  tool  for  an  understanding  of 
complex  thermal  and  stress  fields.  The  reliability  of  the 
calculations  depends  strongly  on  the  used  material 
properties  and  boundary  conditions.  Assumptions  like 
pure  linear  elastic  behavior  or  certain  boundary  condi¬ 
tions  may  have  a  substantial  effect  on  the  results.  In 
most  cases  the  microstructure  is  modeled  on  a  macro¬ 
scopic  scale,  since  the  real  columnar  microstructure  of 
EB-PVD  or  the  splashy  one  of  plasma  sprayed  coatings 
is  to  complex  for  a  microscopic  model.  Calculations  are 
based  on  knowledge  of  material  properties.  For  bulk 
materials,  most  properties  are  known  or  can  be  meas¬ 
ured.  For  coatings,  however,  data  availability  is  limited. 
This  may  cause  some  uncertainties  about  the  accuracy 
of  stress  calculations  and  finite  element  modeling.  The 
properties  of  composites  are  often  estimated  by  differ¬ 
ent  rule  of  mixtures  according  to  their  microstructure. 
The  designing  process  of  FGMs  should  include  the 
calculation  of  thermal  fields  and  their  stresses  and  also 
residual  stresses  during  fabrication.  For  a  complete 


calculation  of  the  stress  state  effects  like  creep,  plastic 
deformation,  oxidation,  and  sintering  have  to  be  taken 
into  account.  It  must  contain  also  stresses  after  fabrica¬ 
tion,  in  the  transient  stages,  in  the  temperature  field 
during  service  and  after  cooling  down  to  room  tempera¬ 
ture.  All  these  aspects  described  above  have  to  taken 
into  account  in  order  to  draw  the  right  conclusions  from 
calculations. 

In  the  following  one  special  aspects  of  the  design  of 
graded  TBCs  will  be  explained  in  detail. 


The  designing  process  is  based  on  a  parametric  varia¬ 
tion  of  a  chosen  grading  function,  which  describes  the 
change  in  chemical  composition  along  the  coating 
thickness.  Widely  used  is  a  simple  power  law  function: 

C(*)  =  (C)  =  XP  (1) 


where  c  is  the  concentration,  d  the  distance  to  the  inter¬ 
face  or  surface,  h  the  coating  thickness,  x  the  normal¬ 
ized  height  and  p  the  profile  parameter.  By  variation  of 
the  profile  parameter  p  different  chemical  profiles  are 
defined  and  according  to  the  local  composition  and 
microstructure  the  local  material  properties  can  be  set. 
A  widely  used  approach  is  that  the  grading  function  also 
directly  describes  the  variation  of  material  properties. 
Variation  of  the  profile  parameter  p  leads  to  different 
stress  situations  and  the  minimization  of  the  critical 
stress  component  responsible  for  failure  can  be  defined 
as  an  optimum.  Variation  of  the  grading  function  also 
effects  the  FGMs  overall  thermal  conductivity  and  there¬ 
fore  the  thermal  field.  In  case  of  a  constant  coating 
thickness  and  of  boundary  conditions  that  are  given  by 
fixed  surface  temperatures  the  heat  flux  depends  on  the 
profile  parameter.  If  the  boundary  conditions  are  set 
different  the  maximum  temperature  of  the  metal  may 
exceed  a  certain  value.  These  variations  complicate  the 
comparison  of  calculated  stress  fields  and  the  design 
process  has  to  be  extended  to  take  this  effect  into  ac¬ 
count.  The  variation  of  coating  thickness  itself  and  the 
corrected  thermal  boundary  conditions  affect  the  stress 
distribution  in  the  graded  system. 

Thermal  conductivity  of  alumina  is  substantially  higher 
than  that  of  zirconia  and  therefore  the  thickness  of  the 
graded  coating  has  to  be  increased.  The  increase  can  be 
calculated  by  defining  an  effective  thermal  resistivity  R: 


-J 


A(x) 


dx 


(2) 


with  x  the  normalized  height,  A,(x)  the  local  thermal 
conductivity.  In  combination  with  different  rules  of 
mixtures  for  the  thermal  conductivity  of  composites  and 
the  grading  function  (1)  the  effective  thermal  resistivity 
I?’ can  be  calculated  either  analytically  or  numerically. 


Fig.  12  shows  the  effect  of  the  profile  parameter  p  on  the 
effective  thermal  resistivity.  These  curves  can  be  used  to 
estimate  coating  thicknesses  of  same  heat  flux.  To  meet 
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Fig.  12:  Effective  thermal  resistivity  for  different 
rules  of  mixtures  and  profile  parameters 


this  requirement,  thickness  has  to  be  increased  by  a 
factor  of  4.6  in  case  of  a  linear  graded  layer  compared  to 
pure  PYSZ.  Increase  of  coating  thickness  is  limited  to  a 
certain  level  for  aero  engines.  Therefore  application  of 
an  additional  zirconia  layer  on  top  of  the  graded  layer  is 
preferred  to  get  same  heat  fluxes. 

For  a  loading  situation  similar  to  a  turbine  blade  stresses 
of  different  coating  systems  have  been  calculated  (Fig. 
13).  In  a  biaxial  stress  state  the  radial  stresses  of  an 
infinite  plate  have  been  calculated  assuming  linear  elas¬ 
tic  behavior  /32.  The  model  involves  a  1mm  thick  su¬ 
peralloy  substrate  that  possesses  a  NiCoCrAlY  bondcoat 
of  150  pm  and  the  TBC  on  top.  All  material  properties 
were  assumed  to  follow  the  linear  rule  of  mixture  and  to 
be  not  temperature  dependend  which  causes  only  little 
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Fig.  13:  Effect  of  corrected  coating  thickness  on 
stress  distribution 


deviations  because  of  small  temperature  gradients. 
Compared  to  a  non-graded  TBC  of  200  pm  Zr02  (curve 
a)  the  heat  flux  of  a  linear  graded  coating  with  the  same 
thickness  (curve  b)  is  more  than  twice  as  high.  In  this 
case  the  graded  layer  shows  higher  interfacia]  tensile 
stress,  which  should  decrease  performance.  Based  on 
(1)  and  (2)  the  overall  thickness  of  the  graded  layer  was 
increased  to  same  heat  flux  conditions  (curve  d),  result¬ 
ing  in  the  lowest  compressive  interface  stresses  in  the 
ceramic  but  in  a  dramatic  higher  thickness  too.  Alterna¬ 
tively,  a  150  pm  thick  zirconia  layer  was  applied  on  top 
of  a  200  pm  thick  graded  layer  (curve  c),  resulting  in 
the  same  heat  flux  as  the  conventional  system.  Stresses 
in  the  bondcoat  are  much  lower  than  for  all  other  sys¬ 
tems,  but  interfacial  stresses  are  higher  compared  to  a 
and  d.  From  these  examples  one  can  see  that  the  grading 
profile  significantly  influences  the  stress  situation.  For 
optimization,  knowledge  of  critical  stresses  that  are 
responsible  for  failure  is  essential.  In  case  of  coating 
thickness  of  same  heat  flux  the  FGM  concept  offers  a 
potential  for  improvement  of  coating  performance. 


5.  Conclusions 

The  potential  of  chemically  graded  thermal  barrier 
coatings  to  improve  lifetime  and  reliability  of  turbine 
blades  was  evaluated.  It  has  been  demonstrated,  that 
graded  ceramic  coatings  can  be  produced  by  dual 
source  EB-PVD  and  jumping  beam  technology.  Various 
mixtures  of  alumina-PYSZ  as  well  as  pure  alumina  and 
graded  coatings  have  been  produced  and  analyzed. 

1.  Morphology  and  phases  of  PVD  alumina  films  de¬ 
pend  on  deposition  parameters,  mainly  on  deposition 
rate,  chamber  pressure  and  atmosphere,  film  thickness, 
and  substrate  temperature.  Alpha  alumina  can  be  ob¬ 
tained  either  by  high  substrate  temperatures  or  by  post 
coat  annealing. 

2.  Morphology  of  alumina-zirconia  mixtures  is  more 
compact  than  that  of  pure  YPSZ  TBC  but  it  depends  to 
a  less  extend  on  the  amount  of  alumina.  Zirconia  is  very 
fine  grained  in  an  amorphous  alumina  matrix. 

3.  By  defining  an  effective  thermal  resistivity  coating 
thickness  can  be  adapted  to  constant  heat  flux  conditions 
With  a  graded  transition  zone  and  with  a  modified  coa¬ 
ting  thickness  a  variation  of  the  stress  field  can  be 
achieved. 

Optimization  of  coating  conditions  and  the  design  of  the 
graded  zone  with  respect  to  chemical  composition  pro¬ 
file,  phases,  microstructure,  morphology,  and  optimized 
lifetime  remains  to  be  carried  out  in  future  research. 
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Abstract 

Bond  coat  oxidation  has  been  clearly  established  as  a 
factor  contributing  to  the  failure  of  a  TBC.  However, 
the  mechanism  by  which  oxidation  effects  TBC  failure 
has  not  been  determined.  Similarly,  other  bond  coat 
properties  have  been  cited  as  influencing  TBC  residual 
stresses,  but  neither  the  magnitude  of  the  effects  nor  the 
exact  mechanisms  by  which  these  properties  act,  and 
interact,  have  been  elucidated.  A  finite  element  model 
was  developed  to  evaluate  residual  stresses  induced  by 
thermal  cycling  of  a  typical  plasma  sprayed  TBC 
system.  It  was  found  that  bond  coat  properties  of 
oxidation,  creep,  coefficient  of  thermal  expansion 
(CTE)  and  roughness,  as  well  as  top  coat  creep,  all 
strongly  influence  ceramic  layer  stresses.  Roughness 
and  CTE  were  found  to  have  the  strong  effects  in  a 
parametric  study,  acting  primarily  as  stress  multipliers 
for  other  active  mechanisms.  A  detailed  examination  of 
the  time  dependent  properties  of  creep  and  oxidation 
indicates  that  these  factors  account  for  evolution  of  the 
residual  stresses  with  thermal  cycling.  It  is  the 
combination  of  these  effects  over  the  lifetime  of  the 
coating  that  drives  the  generation  of  stresses  required  to 
initiate  and  propagate  delamination  cracks. 

Introduction 

It  is  universally  acknowledged  that  bond  coats  for 
plasma  sprayed  TBCs  have  a  strong  effect  on  the 
thermal  fatigue  life  of  the  ceramic  layer,  but  the 
specific  mechanisms  by  which  the  bond  coat  influences 
TBC  life  have  not  been  established  [1,  2,  3,  4].  As  an 
example,  bond  coat  oxidation  has  been  clearly  linked  to 
spallation  of  the  ceramic  top  coat  but  the  mechanism  by 
which  oxidation  causes  failure  of  the  top  coat  has  not 
been  clearly  identified  [1,  4,  5].  Similarly,  bond  coat 
coefficient  of  thermal  expansion  (CTE),  roughness  and 
creep  properties  have  been  proposed  to  influence  TBC 
failure,  but  the  magnitude  of  the  effects  and  the 
physical  mechanisms  by  which  these  effects  act,  and 
interact,  have  not  been  established  [1,  2, 6]. 

Part  of  the  difficulty  in  determining  which  mechanisms 
and  interactions  are  involved  is  due  to  the  difficulty  in 


isolating  variables  in  a  real  material  system  so  that 
unambiguous  results  can  be  obtained.  An  alternative  is 
to  perform  modeling  studies  to  determine  trends  in  the 
effects  of  various  factors  as  well  as  determine  the 
mechanisms  that  precipitate  failure.  There  have  been 
only  a  few  models  that  have  focused  in  this  important 
area  for  TBCs.  These  models  have  examined  the  TBC 
residual  stresses  resulting  from  single  cooling  cycles 
from  a  stress  free  state  [6,  7]  and  residual  stresses 
during  thermal  cycling  [8].  but  have  all  been 
incomplete  in  that  some  known  factors  were  not 
included.  The  purpose  of  the  current  work  was  to 
develop  a  more  inclusive  finite  element  model  to 
characterize  the  effects  of  TBC  system  properties,  and 
particularly  bond  coat  properties,  on  the  residual 
stresses  in  TBCs.  This  was  accomplished  by  adding 
cyclic  oxidation  and  multiple  thermal  cycle  capability 
to  the  previous  Petrus  model  [8],  which  had  already 
incorporated  the  effects  of  creep,  CTE  and  roughness 
on  TBC  stresses  during  a  single  thermal  cycle.  As  will 
be  shown,  the  results  of  this  inclusive  model  indicate 
that  creep  processes  dominate  the  generation  of 
ceramic  layer  stress  early  in  the  life  of  a  TBC, 
oxidation  dominates  stress  generation  later  in  life,  but 
that  there  is  interaction  between  all  the  effects 
throughout  coating  life  that  cannot  be  ignored. 

2.  Methodology 

This  study  used  NIKE  2-D  stress  models  [9]  to  describe 
a  burner  rig  test  of  a  2.54  cm  (1.0  in.)  diameter  solid 
Waspaloy  rod  coated  with  0.013  cm  (0.005  in.)  of 
NiCrAlY  bond  coat,  which  was  in  turn  coated  with  a 
“top  coat”  of  0.025  cm  (0.010  in.)  Zr02-8wt.%  Y203 
(Figure  1(a)).  It  was  assumed  that  the  coating  was  stress 
free  after  deposition  and  cooling  to  room  temperature  a 
reasonable  assumption  in  view  of  the  low  in-plane 
compressive  stresses  (approximately  3  MPa)  measured 
on  TBCs  fabricated  with  appropriate  temperature 
control  [10].  The  model  geometry  was  a  thin 
axisymmetric  slice  of  the  substrate  coating  system,  as 
was  used  previously  (Figure  1(a))  [8],  with  a  condition 
of  generalized  plane  strain.  Unlike  the  Petrus  model 
[8],  the  current  model  used  refined  elements  for  the 
bond  coat  and  top  coat  at  the  interface  region  to  allow 
for  growth  and  analysis  of  an  oxide  layer.  The 
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geometry  of  the  bond  coat/ceramic  interface  was 
modeled  as  a  sine  wave  to  simulate  circumferential 
surface  roughness  conditions  typical  for  a  plasma 
sprayed  TBC  (Figure  1(b).)  [6,  7,  8]. 
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DIMENSIONS 

SUBSTRATE  RADIUS:  12.7  cm  (0.5  IN.) 
AVERAGE  BOND  COAT  THICKNESS:  0.130  mm  (0.0051  In.) 
AVERAGE  CERAMIC  THICKNESS:  0.250  mm  (0.0098  in.) 


(a) 


(b) 

Figure  1.  Finite  element  mesh  geometry  for  TBC 
oxidation  model  showing  (a)  overall  geometry 
of  axisymmetric  slice  and  (b)  detail  view  of 
the  interface  region. 

The  thermal  cycle  profile  for  the  model  was  based  on 
the  actual  burner  rig  profile  (Figure  2)  [8],  The  model 
included  the  temperature  gradients  that  naturally  occur 
during  heating  and  cooling.  It  should  be  noted  that  the 
temperature  gradient  was  approximately  zero  at  the 
hold  temperature  since  the  modeled  specimens  were  not 
internally  cooled. 

Creep  behavior  was  defined  using  a  temperature 
dependent  power-law  creep  model,  with  creep  behavior 
as  defined  in  the  literature  [2,  11,  12].  Further 
properties  information  required  for  the  model  included 
the  temperature  dependent  properties  of  bulk  modulus, 
shear  modulus  and  coefficient  of  thermal  expansion, 
and  were  derived  from  the  literature  [2,  11,  12,  13], 

The  two  levels  for  oxidation  were  defined  as  a  low  of 


no  oxidation  and  a  high  equal  to  the  oxidation  rate 
found  empirically  for  the  alumina  former  NiCoCrAlY 
[11],  The  oxide  scale  was  assumed  to  be  of  uniform 


Figure  2.  Measured  burner  rig  test  thermal  profile  used 
in  the  FEM  model. 

thickness  across  the  entire  interface  and  was  further 
assumed  to  be  composed  entirely  of  alumina.  The 
properties  used  for  the  CTE  and  modulus  of  the  scale 
were  those  for  a  sintered  95%  dense  alumina  [13],  The 
scale  was  assumed  to  behave  elastically  under  all 
conditions. 

The  procedure  for  incorporating  a  growing  oxide  on  the 
bond  coat  used  the  element  “birth”  and  “death” 
capabilities  of  NIKE.  Bond  coat  oxidation  was  thus 
modeled  through  the  replacement  of  bond  coat 
elements  with  the  same  size  of  oxide  elements  at  set 
time  intervals.  The  first  oxide  birth  was  in  the  elements 
located  at  the  ceramic  metal  interface.  Subsequent 
growth  occurred  through  oxide  elements  birthed  at  the 
scale/  metal  interface  at  the  start  of  the  high 
temperature  hold  portion  of  the  cycle.  The  oxide 
elements  were  allowed  to  “grow”  during  steady  state  to 
the  full  volume  dictated  by  the  growth  rate  equation  by 
assigning  an  artificially  high  CTE  to  the  oxide  and 
imposing  a  small  temperature  increase  during  steady 
state,  similar  to  the  method  used  by  Chang  et  al.  [6],  In 
this  way  the  stress  due  to  oxide  growth,  relaxation  of 
growth  stresses  and  thermal  cycling  was  incorporated  in 
the  model.  Since  the  oxide  elements  were  birthed  at  the 
oxide/bond  coat  interface,  the  model  simulates  the 
inward  growth  of  an  oxide  scale. 

Five  factors  were  intentionally  varied,  in  addition  to  the 
main  factor  of  oxidation.  The  five  factors  were  bond 
coat  roughness,  bond  coat  CTE,  bond  coat  creep,  top 
coat  creep  and  the  number  of  thermal  cycles. 
Information  on  stress  as  a  function  of  location  is  also  a 
part  of  the  output  of  the  model.  After  a  few  brief 
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comments  on  the  effects  of  roughness  and  CTE,  the 
remainder  of  the  paper  will  concentrate  on  the  effects 
of  oxidation  and  creep  of  the  constituents. 

's 

i 

The  output  of  the  model  included  stress  as  a  function  of 
time,  location  and  direction.  It  was  found  that  the  radial 
stresses  in  the  ceramic  (perpendicular  to  the  interface) 
provided  an  adequate  indication  of  the  stresses  most 
likely  to  promote  delamination  cracking.  Therefore, 
radial  stresses  will  be  presented  as  a  function  of  time 
and  location  to  depict  the  active  stress  generating 
mechanisms  in  a  TBC  system  and  to  try  to  define  the 
likely  failure  scenario.  It  was  also  found  (see  Figures  8 
and  9,  discussed  later)  that  the  highest  tensile  radial 
stresses  were  located  at  the  bond  coat  peak,  off-peak 
and  valley  regions.  Therefore,  the  large  volume  of  data 
generated  during  FEM  modeling  will  be  narrowed  to 
these  locations  in  order  to  facilitate  comparison  of  the 
various  cases  presented. 

3.  Results  and  Discussion 

The  first  point  to  note  in  the  discussion  is  that  the  intent 
of  the  model  at  this  stage  of  development  is  to  examine 
mechanisms  that  generate  residual  stresses  (or  strains) 
in  TBCs.  A  reasonable  assumption  is  that  high  residual 
stresses  are  a  cause  of  ceramic  failure.  Thus,  knowing 
how  the  residual  stresses  are  generated  provides  insight 
on  how  the  coating  fails.  The  intent  of  a  “final”  model 
is  to  relate  the  stress  generating  mechanisms  to  failure 
of  the  TBC.  Thus,  the  important  points  to  follow  in  this 
paper  are  the  trends  in  residual  stress  development  with 
the  selected  factors,  not  the  absolute  values  of  the 
stresses.  With  this  in  mind,  it  is  informative  to  compare 
the  calculated  stresses  to  those  measured  in  real 
systems.  Coating  stress  measurements  are  of  the  stress 
in  the  plane  of  the  coating,  not  the  stresses  normal  to 
the  plane.  For  zirconia,  these  stresses  are  quite  low  for 
the  as-deposited  coating,  between  0  and  5  MPa.  After 
one  cycle,  the  in-plane  stresses  typically  jump  to  20  to 
30  MPa,  and  jump  to  25  to  35  MPa  after  10  one  hour 
cycles  to  1100°C  [10].  In  the  current  study,  the  average 
compressive  residual  stresses  in  the  plane  of  the  coating 
have  been  calculated  to  be  as  high  as  200  MPa  after  4 
cycles  if  coating  cracking  is  not  allowed,  in  obvious 
disagreement  with  the  measured  values.  However, 
when  the  coating  is  allowed  to  crack  in  the  model,  the 
average  coating  stresses  after  4  cycles  drop  to 
approximately  20  MPa.  This  comparison  indicates:  the 
calculated  stress  is  sensitive  to  the  fracture  stress  of  the 
coating,  the  model  is  capable  of  predicting  realistic 
stresses  when  fracture  is  included,  it  is  best  to  use  the 
stresses  reported  in  the  current  paper  as  an  indication  of 
the  likelihood  of  coating  fracture  rather  than  an 
indication  of  the  true  stresses  in  a  system. 


The  effects  of  roughness  and  bond  coat  CTE  will  first 
be  discussed  to  demonstrate  general  effects  that  are 
important  to  the  detailed  analysis  of  the  effects  of 
oxidation  and  creep  that  are  presented  later. 

Roughness 

Interfacial  roughness  has  been  the  subject  of  study  for 
TBCs  [6,  8]  and  is  a  well  known  consideration  for 
stresses  in  thin  oxide  films  [14].  The  case  that  is  usually 
treated  is  for  cooling  of  a  two  layer  system  that  is 
assumed  stress  free  at  some  high  temperature,  generally 
the  maximum  temperature  of  a  thermal  cycle.  Petrus  et 
al.  [8]  started  with  the  assumption  of  a  stress  free 
condition  at  room  temperature  and  then  modeled  one 
entire  thermal  cycle  for  a  plasma  sprayed  TBC.  They 
demonstrated  that  the  assumption  of  a  stress  free 


RADIAL  STRESS  CONTOURS  (MPa) 


(a) 

RADIAL  STRESS  CONTOURS  (MPa) 


(b) 

Figure  3.  Contour  plots  of  the  radial  stresses  at  a  rough 
interface  for  (a)  a  low  CTE  bond  coat  and  (b) 
a  high  CTE  bond  coat. 
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condition  at  high  temperature  is  valid  for  a  TBC  if  the 
bond  coat  and  /  or  top  coat  relax  sufficiently  during  a 
high  temperature  hold.  When  this  holds  true,  Petrus  et 
al.  achieve  qualitatively  similar  results  as  previous 
studies:  a  rough  interface  causes  an  increase  in 
delamination  stresses  (tensile  stresses  normal  to  the 
interface)  at  the  peaks  of  the  metallic  asperities  while 
increasing  compression  normal  to  the  surface  in  the 
valleys  between  asperities,  as  compared  to  a  smooth 
surface.  This  finding  was  reexamined  for  the  current 
study  using  four  thermal  cycles,  instead  of  one,  and 
including  oxidation.  It  was  found  that,  even  when 
oxidation  is  considered,  a  smooth  surface  had  stresses 
normal  to  the  interface  ranging  from  5  MPa  at  the 
interface  to  0.5  MPa  at  the  surface.  A  rough  surface, 
however,  exhibited  tensile  delamination  stresses  as  high 
as  67  MPa  at  bond  coat  peaks,  and  normal  compressive 
stresses  as  high  as  17  MPa  in  the  valleys  (Figure  3(a)). 
Tensile  stresses  were  also  developed  in  the  valleys  due 
to  oxidation,  as  will  be  discussed  later.  Several  points 
of  interest  arise  from  this  finding:  1)  roughness  tends  to 
cause  a  substantial  increase  in  stresses  in  the  near 
interface  region  as  compared  to  a  smooth  interface,  and 
2)  the  stress  is  periodic  and  should  tend  to  limit 
cracking  to  the  bond  coat  peak  regions.  This  result  is 
qualitatively  the  same  as  for  previous  models  that 
considered  only  cooling  and  only  one  thermal  cycle.  A 
third  point  is  noted  that  the  properties  of  the  bond  coat 
have  nearly  no  influence  on  TBC  stresses  for  the  case 
of  a  smooth  interface.  However,  bond  coat  properties 
become  extremely  important  when  the  interface  is 
rough  [7,  8].  Note  that  roughness  profiles,  and  hence 
the  effect  of  roughness  on  stress,  are  extremely 
complex  and  at  an  early  stage  of  investigation. 

Bond  Coat  CTE 

For  the  case  of  a  smooth  interface,  it  has  been 
demonstrated  that  the  properties  of  the  bond  coat  are 
relatively  unimportant.  Rather,  the  substrate  dominates 
stress  generation  in  the  coating.  The  strength  of  an 
effect  in  the  presence  of  a  rough  bond  coat  is 
exemplified  by  the  effect  of  bond  coat  CTE.  Figure  3 
shows  the  radial  ceramic  layer  stresses  for  low  CTE 
(Figure  3(a))  and  high  CTE  (Figure  3(b))  bond  coats 
and  the  standard  conditions  of  oxidation  and  creep  of 
the  top  coat  and  bond  coat.  The  tensile  stresses  at  the 
bond  coat  peak  increase  from  67  to  240  MPa  with  the 
increase  in  CTE  from  14  x  10'6  °C1  to  20  x  10'6  °C  \ 
Also,  the  valley  stresses  for  the  high  CTE  case  are 
compressive,  up  to  -221  MPa,  while  the  valley  stresses 
for  the  low  CTE  case  tend  to  be  mildly  tensile.  The 
factor  of  approximately  three  change  in  stress  level  at 
the  peak  scales  well  to  the  approximately  factor  of  three 
change  in  CTE  mismatch  between  the  ceramic  and  the 


bond  coat  for  these  conditions.  This  large  effect 
emphasizes  the  importance  of  roughness  to  the  stresses 
in  the  near  interface  region. 

While  it  is  tempting  to  suggest  that  a  high  CTE  bond 
coat  favors  cracking  at  bond  coat  peaks  and  should 
therefore  shorten  TBC  life,  a  high  bond  coat  CTE  also 
favors  crack  arrest  over  the  valleys  at  this  small  number 
of  cycles.  As  will  be  shown  later,  oxidation  at  larger 
numbers  of  cycles  may  have  a  dramatic  effect  on  this 
situation.  The  combined  effect  of  CTE  and  higher 
oxidation  at  large  numbers  of  cycles  has  not  yet  been 
investigated,  but  it  is  known  that  CTE  interacts  with 
some  of  the  other  parameters  studied  [15]. 

The  remainder  of  the  discussion  will  focus  on  the 
generation  of  stresses  due  to  the  operation  of  oxidation 
and  creep.  The  effects  of  the  various  mechanisms  are 
best  understood  when  presented  separately,  starting 
with  the  simple,  all  elastic  case. 

Elastic  Case 

In  the  case  where  all  the  constituents  are  elastic  and 
there  is  no  oxidation,  the  radial  stress  profiles  for  the 
three  locations  are  the  same  for  all  four  cycles  (Figure  4 
(a)).  At  the  bond  coat  peak,  the  ceramic  is  driven  into 
compression  on  heating  and  returns  to  zero  stress  on 
cooling.  The  stress  in  the  off-peak  location  also  cycles 
between  a  compressive  stress  and  zero  stress.  However, 
the  stress  in  the  valley  cycles  between  a  zero  cool-down 
stress  and  a  tensile  stress  of  approximately  70  MPa 
during  steady  state  heating.  The  change  in  sign  of  stress 
from  the  peak  to  the  valley  is  a  result  of  the  change  in 
sign  of  the  radius  of  curvature  [14]. 

Oxidation  is  introduced  incrementally  in  the  model, 
with  the  first  increment  of  oxidation  starting  with  the 
start  of  the  hold  time  in  the  third  cycle.  Oxidation 
changes  the  stresses  significantly  from  the  case  of  no¬ 
oxidation  (compare  cycles  1  and  2  to  cycles  3  and  4  in 
Figure  4(b)).  Oxidation  pushes  the  peak  radial  stress 
toward  slightly  greater  compression  for  all  portions  of 
the  cycle  and  reduces  the  amplitude  of  the  stress  per 
cycle.  Concurrently,  the  off  peak  cool-down  stress 
becomes  tensile  while  the  off-peak  steady  state  stress 
remains  constant.  This  results  in  an  increase  in  the 
cyclic  stress  amplitude  for  the  off-peak  location,  where 
an  increase  in  the  stress  amplitude  may  have  an  effect 
on  the  fatigue  life  of  this  material  [16].  The  most 
dramatic  effect  is  on  the  stress  in  the  valley.  The  valley 
stress  increases  rapidly  with  growth  of  the  oxide.  The 
linear,  nearly  vertical  increase  in  stress  reflects  the 
linear  growth  rate  imposed  on  the  oxide.  This  rapid 
increase  in  stress  is  exaggerated  due  to  the  fact  that  all 
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(a) 


(b) 

Figure  4.  Ceramic  layer  radial  stresses  at  the  peak,  off- 
peak  and  valley  locations  for  the  case  of  (a) 
no  oxidation  and  (b)  oxidation  starting  at  cycle 
3. 

of  the  oxide  growth  for  the  first  three  cycles  is  made  to 
occur  during  a  short  time  in  the  third  cycle  in  the 
model.  As  is  shown  later,  this  exaggerated  increase  in 
stress  is  unimportant  when  creep  is  allowed  to  occur. 
The  valley  cool-down  stress  increased  from  zero  to  120 
MPa  and  the  steady  state  stress  increased  from  roughly 
50  to  170  MPa,  causing  a  substantial  oxidation  induced 
increase  in  the  mean  tensile  stress.  Figure  4(b)  provides 
an  indication  of  the  stress  levels  that  are  expected  if 
stresses  due  to  oxide  growth  are  not  relieved.  The 
change  in  stress  amplitude  for  all  locations  is  a  result  of 
the  change  in  the  system  properties  with  the  addition  of 
a  very  thin  oxide  layer  with  a  drastically  different 
modulus  and  CTE  than  the  coating  materials. 

This  simple  case  illustrates  a  trend  found  throughout 
the  results:  oxidation  tends  to  cause  radial  cool  down 
stresses  at  the  bond  coat  peak  to  become  more  negative, 
and  off-peak  and  valley  stresses  to  become  more 
positive.  Oxidation  also  causes  a  decrease  in  the  peak 
and  valley  cyclic  stress  amplitudes  and  a  concurrent 
increase  in  the  off-peak  stress  amplitude. 

The  overall  view  in  Figure  4(b)  is  that  oxidation  can 


have  a  significant  effect  on  stress  when  no  other 
mechanisms  are  active.  Interestingly,  the  four  cycle 
stress  history  in  Figure  4  b  would  result  in  a  system  that 
could  not  support  the  commonly  observed  peak-to-peak 
cracking.  This  is  due  to  the  fact  that  the  radial  stresses 
are  zero  or  compressive  over  the  bond  coat  peaks  for 
all  4  cycles.  A  real  system,  however,  includes  plasticity 
and  creep  (or,  identically,  stress  relaxation)  behavior 
that  can  modify  these  stresses  substantially. 

Creep  Effects 

Before  examining  the  interactions  of  top  coat  and  bond 
coat  creep  with  oxidation,  it  is  informative  to  revisit  the 
effect  of  these  mechanisms  on  stresses  in  the  absence  of 
oxidation  [8]  and  to  examine  how  these  stresses  evolve 
with  thermal  cycling.  Figures  5  and  6  show  the  peak, 


Figure  5.  Variation  in  ceramic  radial  stress  with 

position  and  time  for  the  case  of  a  creep  in 
the  ceramic  and  an  elastic  bond  coat. 


off-peak  and  valley  stresses  for  systems  with  creeping 
top  coat-elastic  bond  coat  and  creeping  bond  coat- 
elastic  top  coat,  respectively.  While  the  stress  always 
returns  to  zero  in  the  all-elastic  case  (without 
oxidation),  creep  of  the  top  coat  (Figure  5)  causes  a 
deviation  from  a  zero  cool-down  stress  at  all  locations. 
At  the  peak,  the  cool  down  stress  progressively 
increases  from  the  zero  stress  of  the  all-elastic  case  to 
roughly  70  MPa  during  the  course  of  four  thermal 
cycles.  This  gradually  increasing  cool-down  stress  is  a 
result  of  partial  relaxation  of  the  top  coat  compressive 
stresses  at  the  peak  during  each  steady  state  hold 
(Figure  5).  As  with  any  relaxation  process,  the 
relaxation  rate  decreases  with  time  (apparent  as  a 
decreasing  slope  during  the  hold  time)  and  the  cool¬ 
down  stress  tends  toward  a  steady  state  value. 
However,  relaxation  is  not  complete  by  the  end  of  the 
fourth  cycle.  The  stresses  at  the  off-peak  and  valley 
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locations  also  change  as  a  function  of  time.  The  off- 
peak  stresses  become  progressively  more  positive  with 
cycling.  The  valley  cool-down  stress  is  actually  more 
positive  than  the  elastic  case  for  the  first  cycle,  but  then 
becomes  progressively  more  negative,  eventually 
reversing  sign  by  the  fourth  cycle. 


Combined  Effects 

The  combination  of  the  effects  of  top  coat  creep,  bond 
coat  creep  and  oxidation  are  compared  in  Figures  7(a)  - 
(c)  as  the  radial  cool-down  stresses  for  the  peak,  off- 
peak  and  valley  locations.  First,  note  that  the  stresses 


The  stress  amplitude  for  each  cool-down  portion  of  the 
cycle  remains  constant  with  increasing  cycling  for  each 
location,  but  the  mean  stress  changes.  The  reason  that 
the  stress  amplitude  remains  constant  is  that  there  has 
been  no  change  in  materials  properties  of  the  system 
during  this  process  and  relaxation  is  relatively  inactive 
during  the  transients.  The  change  in  mean  stress  is  due 
to  the  relaxation  of  stress  during  the  steady  state  hold. 


Figure  6.  Variation  in  ceramic  radials  stress  with 

position  and  time  for  the  case  of  creep  in  the 
bond  coat  and  an  elastic  top  coat. 

Bond  coat  creep  has  a  similar  effect  to  that  of  top  coat 
creep,  but  the  rate  of  the  change  is  much  higher  simply 
because  the  bond  coat  creeps  more  readily  (Figure  6) 
[2],  The  magnitude  of  the  change  is  also  greater  within 
the  first  four  cycles.  This  is  due  to  the  fact  that 
relaxation  at  steady  state  hold  runs  to  completion  for 
each  hold  cycle,  including  the  first,  resulting  in 
stabilization  of  the  thermal  fatigue  cycle  after  the  very 
first  cycle.  Therefore,  stress  profiles  for  all  three 
locations  remain  constant  for  the  second  through  fourth 
cycles.  This  does  not  mean  that  bond  coat  creep  stops 
after  the  first  cycle.  The  evidence  of  continuing  bond 
coat  creep  is  apparent  as  a  slight  decrease  in  the  stress 
during  hold  for  all  4  cycles.  Other  work  has  also  shown 
that  bond  coat  creep  is  active  for  some  materials  during 
cool  down  on  every  cycle  [2].  As  with  top  coat  creep, 
bond  coat  creep  causes  the  peak  and  off-peak  stresses 
to  become  more  positive  and  the  valley  stress  to 
become  more  negative. 
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Figure  7.  Ceramic  radial  cool-down  stress  variation  for 
the  cases  of  all-elastic,  creeping  top  coat 
(elastic  bond  coat),  creeping  bond  coat  (elastic 
top  coat)  and  “all  creep”  (combined  top  and 
bond  coat  creep)  in  oxidizing  and  non¬ 
oxidizing  conditions  for  (a)  the  peak,  (b)  off- 
peak  and  ( c  )  valley  locations. 


resulting  from  the  combination  of  top  coat  creep  and 
bond  coat  creep  cannot  be  expressed  by  simple  addition 
of  stresses  due  to  the  mechanisms  acting  separately. 


The  peak  stress  is  lower,  the  off-peak  stress  is 
intermediate  and  the  valley  stress  is  higher  than  would 
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be  expected  of  either  mechanism  separately.  This  result 
illustrates  the  difficulty  in  looking  at  only  one 
mechanism  to  characterize  the  stresses  in  a  system  that 
has  more  than  one  mechanism  operating.  The  various 
creep  cases  do,  however,  remain  consistent  in  the  sign 
of  the  stress  at  each  location. 

Comparing  oxidized  to  non-oxidized  stresses  shows 
there  is  interaction  among  mechanisms  at  the  valley 
location  but  that  oxidation  and  creep  are  roughly 
additive  for  the  other  locations.  In  the  valley,  oxidation 
reverses  the  stress  from  moderately  negative  in  all  three 
creep  cases  to  highly  positive.  An  interesting  point  is 
that  the  magnitude  of  the  stress  change  is  for  the 
creeping  bond  coat  and  combined  creep  case  is  nearly 
double  that  for  the  ceramic  creep  case. 

The  results  appear  to  indicate  that  the  stresses  at  the 
peak  and  off-peak  locations  are  tensile  whether 
oxidation  occurs  or  not.  Thus,  even  if  no  oxidation 
occurs,  the  stress  state  at  these  locations  is  favorable  to 
delamination  cracking.  The  stress  in  the  valley  region 
without  oxidation  is  compressive,  clearly  not  conducive 
to  cracking  in  this  region,  in  agreement  with  previous 
considerations  of  wavy  interfaces  [14].  However, 
addition  of  oxidation  changes  the  sign  of  the  stress  to 
become  highly  tensile,  and  conducive  to  delamination 
cracking,  as  noted  by  previous  authors  [6,  7].  It  should 
be  remembered,  however,  that  the  stresses  reported  in 
Figures  7(a)-(c)  are  from  single  elements  quite  close  to 


RADIAL  STRESS  CONTOURS  (MPa) 


ceramic  after  cool-down  following  4  thermal 
cycles  for  the  case  of  combined  oxidation 
and  creep. 

the  interface.  Examination  of  a  contour  plot  for  the 
general  creep  case  with  oxidation,  Figure  8  (same  as 


Figure  3(a)),  shows  that  the  area  of  the  peak,  off-peak 
and  especially  the  valley  tensile  stress  regions  are  small 
and  not  connected.  Also,  a  compressive  region  exists 
between  the  peaks  (note  Region  3  in  Figure  8)  that 
would  prevent  planar  cracking  from  peak  top  to  peak 
top,  as  is  usually  observed  in  failed  coatings.  Similarly, 
the  high  tensile  stress  regions  are  not  in  the  same  plane, 
so  that  cracks  moving  from  one  region  to  another 
would  have  to  follow  a  path  well  off  of  parallel  to  the 
interface.  Since  cracks  typically  appear  planar  and 
parallel  to  the  interface,  this  configuration  does  not 
agree  with  observations. 


RADIAL  STRESS  CONTOURS  (MPa) 


RADIAL  STRESS  CONTOURS  (MPa) 


(b) 

Figure  9.  Contour  plots  of  the  radial  ceramic  stress  at 
cool-down  following  51  cycles  for  the  case  of 
combined  creep  and  (a)  without  oxidation 
and  (b)  with  oxidation. 
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This  difficulty  was  resolved  by  running  an  additional 
combined  creep  case,  with  and  without  oxidation,  to  a 
greater  number  of  thermal  cycles.  Figures  9  compares 
contour  plots  of  the  radial  stresses  after  51  thermal 
cycles  for  non-oxidizing  and  oxidizing  cases.  For  51 
cycles  without  oxidation,  a  compressive  stress  region 
extends  from  the  valley  well  into  the  ceramic  layer 
(Region  2  in  Figure  9  (a)).  These  compressive  stresses 
would  limit  cracking  to  the  region  above  the  bond  coat 
peaks.  With  oxidation,  it  is  evident  in  both  the  4  and 
51 -cycle  cases  (Figures  8  and  9(b),  respectively)  that 
the  tensile  stress  at  the  peak  has  become  compressive. 
In  the  51  cycle  case  the  tensile  off-peak  region  has 
grown  in  area  and  become  more  tensile.  Additionally, 
the  compressive  radial  stress  regions  over  the  valley 
after  4  cycles  with  oxidation  (Region  3  in  Figure  8), 
and  after  51  cycles  without  oxidation  (Region  2  in 
Figure  9(a)),  have  completely  disappeared  after  51 
cycles  with  oxidation  (Figure  9b,  Region  2).  Thus,  the 
stresses  at  51  cycles  with  oxidation  is  much  more 
favorable  to  crack  growth  over  the  valleys  than  is  the 
four  cycle  case.  However,  the  stresses  at  5 1  cycles  are 
unfavorable  for  crack  growth  at  the  peak  of  the  bond 
coat.  The  histograms  in  Figure  10  provide  a  direct 
comparison  of  the  stresses  at  each  position  for  each 
case. 


Figure  10.  Radial  stress  in  the  ceramic  at  the  end  of 
cool-down  as  a  function  of  location,  number 
of  thermal  cycles  and  oxidation. 

An  overall  view  of  the  cracking  process  begins  to 
emerge  from  these  results.  At  small  numbers  of  thermal 
cycles,  the  relatively  rapid  processes  of  ceramic  and 
bond  coat  creep  make  cracking  favorable  at  the  peak 
and  off-peak  locations.  However,  cracking  over  the 
valley  locations,  except  right  at  the  interface,  is  still 
difficult  due  to  compressive  stresses  and/or  low  tensile 
stresses.  As  the  relatively  slow  process  of  oxidation 
proceeds,  cracking  over  the  peaks  becomes  less 
favorable  while  cracking  at  the  off-peak  and  valley 
locations  becomes  easier.  As  oxidation  proceeds  even 
further,  the  regions  above  the  valleys  grow  further  until 
the  tensile  regions  of  neighboring  valleys  converge  to 


form  a  uniform  tensile  region  a  short  distance  from  the 
bond  coat.  Cracking  in  this  large,  general  tensile  region 
then  becomes  possible.  Thus,  it  appears  that  early 
cracking  should  occur  at  bond  coat  peak  regions,  aided 
by  ceramic  and  bond  coat  creep,  and  continued 
cracking  is  driven  by  the  changes  in  stress  over  the 
valleys  driven  by  oxidation. 

Summary  and  Conclusions 

The  failure  mechanisms  of  thermal  barrier  coatings 
have  been  examined  through  a  FEM  model  of  residual 
stress  generation  due  to  oxidation,  top  coat  creep  and 
bond  coat  creep.  The  results  indicate  that  top  coat  and 
bond  coat  creep  act  to  generate  tensile  stresses  at  bond 
coat  peak  and  off-peak  locations,  while  generating 
compressive  stresses  in  the  valley  regions.  The  primary 
effect  of  creep  on  the  cool  down  stress  appears  to  be 
limited  to  short  times  at  temperature.  Oxidation  acts 
opposite  to  creep,  causing  increasing  tensile  stresses  in 
the  valleys  while  pushing  the  peak  regions  into 
compression.  Continuing  oxidation  results  in  an 
increase  in  the  size  of  the  tensile  region  associated  with 
the  valley,  growing  to  the  point  that  the  tensile  stresses 
in  the  valley  extend  beyond  the  peak  regions. 
Continued  oxidation  also  causes  a  slight  increase  in  the 
maximum  tensile  stresses  at  the  off-peak  and  valley 
locations. 

The  combination  of  oxidation,  top  coat  creep  and  bond 
coat  creep  yields  a  stress  distribution  in  time  and  in 
location  along  the  interface  that  is  not  achievable  by 
any  one  mechanism  acting  alone.  The  picture  of  the 
failure  mechanism  resulting  from  this  evolution  of 
residual  stresses  is  as  follows:  1)  Early  cracking  at  bond 
coat  peaks,  driven  by  tensile  peak  stresses  generated 
due  to  creep  processes.  2)  Cracks  generated  early  in  life 
do  not  propagate  due  to  creep  generated  compressive 
stress  regions  over  the  valleys.  3)  At  higher  numbers  of 
cycles,  and  therefore  higher  oxide  thicknesses,  stresses 
over  the  valleys  become  increasingly  tensile  and  the 
size  of  the  tensile  region  increases.  4)  The  tensile 
region  over  the  valley  is  then  capable  of  sustaining 
crack  growth,  resulting  in  linking  of  the  near-peak 
cracks  generated  during  early  cycling.  This  description 
of  failure  is  supported  by  the  qualitative  observations  of 
cracking  progression. 

This  progression  of  cracking  is  clearly  a  result  of  the 
combined  action  of  creep,  oxidation  and  thermal 
cycling.  An  accurate  description  of  the  entire  process 
requires  a  model  including  these  factors.  However, 
failure  of  a  TBC  is  very  complex  and  is  clearly  not 
completely  described  by  a  simple  model.  Other  factors, 
such  as:  sintering;  phase  changes  in  the  oxide,  bond 


coat  and  ceramic  layer;  ceramic  layer  cracking;  and 
compositional  changes  are  also  thought  to  be  important 
aspects  that  should  be  included  for  a  complete 
description  of  the  failure  mechanism. 
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ABSTRACT 

As  performance  objectives  of  new  and  derivative 
military  engines  require  combustion  systems  to 
operate  at  higher  pressures  and  temperatures,  bal¬ 
ancing  conflicting  demands  of  improved  durability, 
stability,  and  operability  becomes  more  difficult 
without  technology  improvements  in  combustor 
liner  designs.  Since  combustor  thermo-mechanical 
fatigue  is  currently  a  significant  contributor  to  en¬ 
gine  life  cycle  costs,  improved  structural  durability 
must  be  achieved,  without  compromise  of  other 
combustor  requirements.  This  paper  addresses  the 
application  and  verification  of  liner  cooling  schemes 
and  their  interaction  with  thermal  barrier  coatings 
(TBCs)  for  the  design  of  robust  aircraft  turbine  en¬ 
gine  combustor  liners  to  meet  the  above  mentioned 
demands.  An  analytical  investigation  was  con¬ 
ducted  to  determine  the  effect  of  TBCs  on  the  aver¬ 
age  metal  temperature  for  a  full  annular,  semi¬ 
transpiration  cooled  combustor  liner.  The  perspec¬ 
tive  is  from  a  customer’s  viewpoint,  a  combustor 
liner  designer  who  is  continuously  challenged  to 
increase  combustor  temperature  rise  capability  and 
operability  for  new  products  while  maintaining 
cooling  flow  levels. 

LIST  OF  SYMBOLS 
A  area 

<7  Stefan-Boltzmann  constant 

a  absorptivity 

p  density 

8  thickness 

p  viscosity 

d  cooling  effectiveness 

Cp  specific  heat 

D  combustor  diameter 

eff  effective 

e  emissivity 

fc  flame  chamber 

f/a  fuel  air  ratio 

h  heat  transfer  coefficient 

k  thermal  conductivity 

L  luminosity  factor 


4  mean  beam  length  of  radiation  path 

m  mass  flow  rate 

r\  thermal  effectiveness 

P  pressure 

q'  heat  flux 

T  temperature 

Subscripts 

a  air 

AN  annulus 

c  casing 

g  gas 

w  wall 

WH  flame  side 

WC  cold  side 

3  combustor  inlet 

4  combustor  exit 

1.0  INTRODUCTION 

Air  dominance  is  maintained  by  fielding  affordable 
and  durable  high  performance  air  platforms  capable 
of  delivering  payload  when  and  where  needed  in 
the  field  command.  Key  to  successful  air  platforms 
is  the  propulsion  system.  The  major  key  to  higher 
specific  thrust  is  higher  engine  operating  tempera¬ 
ture.  Current  combustion  systems  still  operate  well 
below  the  stoichiometric  chemical  limits  of  kero¬ 
sene  based  fuels.  In  the  future,  major  increases  to 
these  values  will  be  required  (Hill,  1997)  [1].  It  is 
estimated  that  overall  pressure  ratios  are  expected 
to  grow  from  a  present  20  to  over  40,  and  the  tur¬ 
bine  entry  temperatures  from  1800  to  2400°K.  As  a 
result  of  these  higher  combustion  pressure  and  gas 
temperatures,  the  heat  flux  levels  in  these  engines 
will  also  increase  making  the  task  of  combustor 
liner  durability  design  extremely  challenging. 
Therefore,  a  critical  technology  need  for  the  devel¬ 
opment  of  advanced  gas  turbine  engines  will  be  the 
control  of  heat  transfer.  Since  thermal  barrier 
coatings  are  an  effective  approach  to  heat  transfer 
control,  advanced  materials  will  need  to  be  inte¬ 
grated  with  robust  thermal  barrier  coatings  and  in¬ 
novative  cooling  techniques  to  minimize  increases 
in  cooling  flow  requirements.  For  a  combustor 
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liner  system,  TBCs  act  as  thermal  insulators  reduc¬ 
ing  the  amount  of  heat  transmitted  to  the  combustor 
wall  from  the  products  of  combustion.  The  heat 
flux  gets  dissipated  through  radiation  back  into  the 
hot  gas  path,  conduction  across  the  coating  and 
substrate,  and  convection  through  back  side  cooling 
air. 

2.0  THE  PROBLEM 


Hot  section  components  are  significant  mainte¬ 
nance  items  in  today’s  engines.  Almost  7  percent 
of  unscheduled  removals  of  F100-200  engines  in 
the  F-16  due  to  core  components  during  1991  were 
caused  by  combustor  or  turbine  problems.  In  fact, 
during  this  period  of  time,  the  mean  time  between 
failures  of  the  combustor  in  the  -200/F16  system 
did  not  meet  the  Engine  Structural  Integrity  Pro¬ 
gram  requirements  (Turner,  1996)  [2].  TBCs  can 
alleviate  this  problem,  however,  at  a  cost.  Cur¬ 
rently  the  Air  Force  spends  on  average  $143.3  per 
kilogram  ($65/lb)  for  TBC  bond  materials.  Each 
combustor  consumes  around  0.9  - 1.7  kilograms  (2- 
3  lbs)  of  bond  coat.  For  a  typical  top  coat  the  cost 
is  about  $28.7  per  kilogram  ($  13/lb)  and  each  com¬ 
bustor  consumes  around  1.7  kilograms  (3  lbs).  La¬ 
bor  time  for  the  application  of  these  TBC  systems 
is  approximately  1.84  hours  per  combustor. 

3.0  CHALLENGES 


In  the  future,  the  entire  combustor  section  of  a  high 
performance  aircraft  engine,  as  shown  in  figure  1, 
will  be  subjected  to  an  increasingly  severe  thermal 
environment  which  will  eventually  approach  stoi¬ 
chiometric  conditions. 


Figure  1 .  Internal  view  of  a  typical  annular 
combustor  system 


Two  major  factors  will  significantly  impact  the 
ability  to  cool  the  combustor  liner: 


•  Combustor  Inlet  Temperature:  As  the  inlet 
temperature  to  the  combustor  increases,  gas  tem¬ 
perature  also  increases  and,  therefore,  the  liner 
temperature  increases  proportionally  requiring 
more  air  to  maintain  a  given  liner  temperature. 
TBCs  can  ameliorate  this  issue  by  enabling  a  re¬ 
duction  in  the  amount  of  radiant  heat  flux  from  the 
flame  to  the  liner  (figure  2). 


* 


Figure  2.  Typical  TBC  payoff  for  combustor 
liners 

•  Combustor  Temperature  Rise:  It  is  estimated 
that  for  the  high  temperature  rise  combustors  which 
will  be  required  to  operate  at  an  equivalence  ratio 
of  80  percent,  over  85%  of  the  entire  combustor  air 
flow  will  be  required  to  be  introduced  in  the  pri¬ 
mary  combustion  zone  to  completely  react  all  of 
the  fuel.  As  a  result,  the  amount  of  air  remaining 
for  liner  cooling  and  combustor  exit  temperature 
control  becomes  scarce  (figure  3).  If  the  cooling 
air  is  not  reduced,  there  would  be  no  dilution  air 
available  to  reduce  hot  streaks.  This  further  com¬ 
plicates  the  task  of  maintaining  the  liner  tempera¬ 
ture  at  that  allowed  for  conventional  metal  materi¬ 
als. 


Figure  3.  Increased  combustor  exit 

temperatures  reduce  available 
dilution  and  cooling  air 
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From  the  practical  combustor  design  standpoint, 
the  objective  is  not  to  use  improved  cooling  meth¬ 
ods  to  lower  wall  temperatures  below  the  levels 
achieved  with  present  methods,  but  rather  to 
achieve  the  same  wall  temperatures  despite  reduc¬ 
tions  in  the  amount  of  coolant  flow  as  shown  in 
figure  4. 
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Figure  4.  Combustor  liner  material/cooling 
progression  for  the  past  15  years. 


4.0  GENERAL  REQUIREMENTS  AND  DE¬ 
SIGN  CONSIDERATIONS 


•  99%  efficiency  at  all  operating  conditions 
Other  combustor  system  design  considerations: 

•  2000  engine  flight  hours  and  4000  Low  Cycle 
Fatigue  TACS  -  hot  parts 

•  4000  engine  flight  hours  and  8000  Low  Cycle 
Fatigue  TACS  -  cold  parts 

•  10  hour  of  operation  at  any  steady-state  flight 
condition 

•  1  hour  of  operation  at  simultaneous  T3/T4 
condition 

•  350  hour  of  test  cell  operation 
Other  requirements: 

•  Buckling  margin  of  safety  as  dictated  by  com¬ 
bustor  geometry  (shape  and  wall  thickness)  shall 
exceed  50  percent  under  maximum  pressure  and 
temperature 

•  5%  creep  limit  without  loss  of  mechanical 
alignment,  as  dictated  by  structural  geometry  to 
mitigate  the  interaction  of  thermal  and  mechanical 
stresses 


The  primary  technical  objective  of  combustor  re¬ 
search  and  development  is  to  provide  the  technol¬ 
ogy  that  will  enable  the  designers  attain  combustor 
performance,  operability,  weight  and  cost  objec¬ 
tives  for  a  particular  mission  and  cycle  definition. 

As  systems  become  more  efficient  and  probably 
more  complex,  the  next  generation  of  combustor 
designs  will  need  to  balance  conflicting  demands 
such  as  increased  temperature  while  improving  du¬ 
rability,  maintainability,  and  affordability.  In  order 
to  achieve  these  demands  an  integrated  prod¬ 
uct/process  must  be  implemented.  This  process 
should  enable  the  production  of  a  robust  design 
capable  of  operating  efficiently  in  a  wide  variety  of 
environments  dictated  by  the  intended  air  vehicle. 
To  satisfy  the  requirements  of  future  cycle  parame¬ 
ters,  technology  improvements  are  required.  Ad¬ 
vanced  planning  allow  us  to  establish  combustor 
performance  objectives  that  will  support  overall 
engine  system  improvements.  Some  combustor 
specific  performance  objectives  are: 

•  50%  weight  reduction 

•  100%  increase  in  volumetric  heat  release  rate 

•  +900°  F  maximum  combustor  exit  temperature 

•  +400°  F  combustor  inlet  temperature 

•  300%  increase  in  fuel/air  turndown  ratio 


•  Component  high  cycle  fatigue  life  greater  than 
107  cycles,  as  determined  by  both  material  and 
structure 

•  -3a  material  properties  (average  for  crack 
propagation) 

•  500  0-maximum-0  cycles  at  maximum  power 

5.0  COMBUSTOR  TBC  EVOLUTION 

Since  the  birth  of  thermal  barrier  coatings  in  the 
early  1960’s,  combustors  and  augmentors  have 
benefited  from  a  series  of  incremental  growths  in 
this  technology.  This  has  resulted  in  an  increased 
ability  to  withstand  higher  temperatures  with  a  de¬ 
crease  in  the  severity  of  oxidation  damage,  and  an 
improved  cracking  resistance  to  severe  thermal 
cycling  for  longer  periods  of  time  (Harris, 
1991)[3].  Early  combustor  coatings  consisted  of  an 
outer  ceramic  insulative  layer  of  air  plasma  depos¬ 
ited,  22  weight  percent  MgO  stabilized  Zr02,  and 
an  inner  metallic  bond  coat  of  air  plasma  deposited 
Ni-Cr  or  Ni-Al  (Gupta,  et  al.,1994)[4]. 

As  these  temperatures  in  the  combustor  have  been 
increased,  the  durability  of  this  early  combustor 
coating  has  become  inadequate.  The  maximum  use 
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temperature  of  the  plasma  sprayed  magnesia- 
stabilized  zirconia  coating  is  on  the  order  of 
1255°K  since  magnesia-stabilized  zirconia  crystal- 
lographically  destabilizes  above  1227°K. 


duced  through  the  liner  walls  downstream  of  the 
dilution  jets  may  not  be  effective  in  the  combustion 
process,  therefore,  contributing  to  potential  com¬ 
bustor  inefficiency. 


By  replacing  the  22  weight  percent  magnesia  with 
7  weight  percent  yttria  composition,  the  spallation 
life  at  temperature  above  1255°K  has  been  im¬ 
proved  substantially  (Stecura,  1979)[5].  This  im¬ 
provement  is  approximately  4  times  that  of  22  per¬ 
cent  magnesia  fully  stabilized  zirconia  coating  at 
1367°K  (Gupta  et  al,  1991)[6]. 

Since  the  operating  temperature  of  the  combustor 
was  increased  to  take  advantage  of  the  increased 
temperature  capability  of  the  yttria  stabilized  zir¬ 
conia,  the  underlying  bond  coat  oxidation  became  a 
problem.  By  adopting  a  more  oxidation-resistance 
NiCoCr  A1Y  bond  coat  composition  from  the  tur¬ 
bine  section  of  the  engine,  the  performance  of  the 
combustor  has  been  improved  (Gupta  et  al., 
1994)[4].  Figure  5  illustrates  the  progression  of 
TBC’s  for  hot  section  applications. 


Electron  Beam  Physical 
Vapor  Deposition 
Nano-layers 
for  Reduced  Thermal 
Conductivity 

Low  Pressure  Chamber  Plasma 
Sprayed  for  Improved  Bond  Strength 

/ 

Flame  Spray-Air  Plasma  Deposited 
for  Improved  Component  Durability 

Figure  5.  TBC  Progression  for  Hot  Section 
Applications 
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Figure  6.  Efficiency  Benefits  for  Idle  Engine 
Operating  Condition 

6.2  Exhaust  Smoke  Emissions 


6.0  TBC  APPLICATION  ADVANTAGES 

Let  us  look  at  other  potential  benefits  of  applying 
TBC’s  in  the  combustor  section: 

6. 1  Efficiency  and  Idle  Emissions 

As  summarized  by  the  results  of  Mularz  et  al.,  1978 
[7],  from  which  figure  6  is  reproduced,  the  appli¬ 
cation  of  thermal  barrier  coating  along  the  inside  of 
the  combustor  liner  allows  combustion  gases  near 
the  wall  to  be  at  higher  temperatures.  This  mini¬ 
mizes  wall  quenching  effects  of  the  combustion 
chemical  kinetics  and  therefore,  reducing  unwanted 
exhaust  emissions  such  as  carbon  monoxide  and 
unbumed  hydrocarbons.  Since  the  design  intent  of 
cooling  air  is  to  protect  the  liner  surface,  air  intro- 


Exhaust  smoke  numbers  decrease  slightly  with 
thermal  barrier  coatings  as  reported  by  Butze,  et 
al.,  1976  [8]  from  which  figure  7  is  reproduced,  for 
a  cruise  condition.  Soot  is  the  primary  source  of 
flame  emissivity  at  high  pressures.  The  intense 
radiation  from  the  ceramic  coating  back  to  the 
flame  results  in  a  decrease  in  soot  concentrations 
due  to  reduction  of  the  amount  of  soot  formed  ini¬ 
tially  and  through  bumup  of  the  soot  formed. 

6.3  Combustor  Liner  Life 

The  average  cooling  temperature  that  is  required  in 
a  typical  production  combustor  today  is  graphically 
illustrated  in  figure  8.  The  gas  temperature  re¬ 
ferred  to  in  this  figure  represents  the  maximum 
combustor  exit  temperature.  The  allowable  operat¬ 
ing  temperature  for  the  metal  liner  is  about  half 
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way  between  the  maximum  gas  temperature  and  the 
temperature  of  the  cooling  flow  (T3).  Also  shown 
in  this  figure  is  the  relationship  of  the  allowable 
design  metal  temperature  levels  to  the  incipient 
metal  temperatures.  As  shown,  the  allowable  metal 
temperature  levels  are  near  the  incipient  melt  point 
of  nickel  based  superalloys.  Therefore,  any  break¬ 
down  in  the  cooling  layer  would  be  detrimental. 


Average  Exhaust-Gas  Temperature  ~  K 

Figure  7.  Effect  of  ceramic  coating  on  SAE 
smoke  number 


Figure  8.  Exhaust,  Wall  and  Air  Temperature 
Comparison 

7.0  HEAT  MODEL 

According  to  experimental  results  from  Butze  et 
al.,  1976  [9],  as  shown  in  figure  9,  the  liner  metal 
temperature  reductions  available  through  the  use  of 
ceramic  coatings  can  be  accurately  predicted  using 
a  one-dimensional  heat  transfer  model.  Having  that 
in  mind,  a  one-dimensional  heat  transfer  analysis 


was  performed  in  order  to  estimate  the  thermal  per¬ 
formance  of  TBCs  and  compare  the  capability  of 
TBC  improvements  against  cooling  effectiveness 
improvements  and  T3  reductions.  The  heat  transfer 
model  outlined  in  this  section  closely  follows  the 
development  approach  as  detailed  by  Lefevbre,  et 
al.,  1960  [11], 


Figure  9.  Liner  Temperature  Prediction  vs. 
Experimental  Results 


Figure  10  illustrates  the  schematic  of  radiant  heat 
flow  through  a  TBC  at  isothermal  conditions.  For 
this  analysis  the  temperature  drop  through  the  ce¬ 
ramic  was  assumed  to  be  linear  since  yttria- 
stabilized  zirconia  thermal  conductivity  is  nearly 
constant  over  the  temperature  range  of  interest 
(1.5±0.1  W/m*K  over  1200  to  2260°K).  Emittance 
and  transmittance  were  assumed  invariant  with 
temperature.  The  cycle  conditions  chosen  for  the 
analysis  are  as  follow: 

P3  =  3040KPa,  T3  =  1 144°K,  coolant  mass  flux  = 
3.416  Kg/s-m2 

It  was  assumed  that  the  gas  temperature  next  to  the 
wall  is  equal  to  the  average  flame  temperature, 
having  a  value  close  to  stoichiometric.  This  as¬ 
sumes  the  possibility  of  a  hot  streak  occurring  next 
to  the  wall  due  to  combined  effects  of  a  localized 
low  annulus  velocity  on  one  side  of  the  wall  coin¬ 
ciding  with  a  breakdown  in  the  cooling  layer  on  the 
other. 
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Hot  Combustion 
Gas  Radiation 
and  Convection 


Stabilized  Zirconia 
Ceramic  Coating 


TBC 


Figure  10.  Schematic  of  radiant  heat  flow  through  the  TBC  at  isothermal  conditions. 


7. 1  Internal  Radiant  Heat  Flux 


7.2  External  Radiant  Heat  Flux 


The  radiation  heat  flux  was  calculated  for  the  case 
of  a  TBC-coated  liner  using  the  results  obtained  by 
Liebert,  1978  [12]  where  emittance  of  both  the  ce¬ 
ramic  translucent  layer  and  the  material  substrate 
were  taken  into  consideration. 

9"rad = <7(0  ■5)£ers1'5  (r/-5  -  twh2-5  )  { 1 1 


Radiant  heat  flow  from  the  combustor  liner  to  the 
casing  is  given  by: 


4'  RAD~° 


:Wec(TWC  ~T3  ) 


£c  +eir(1_ec)[A//Ac] 


{5} 


7.3  Internal  Convective  Heat  Flux 


The  radiation  heat  flux  was  calculated  for  the  case  Convective  heat  flow  to  the  combustor  liner  from 
of  an  uncoated  liner  using  reference  [11]:  the  gases  is  given  by . 


^  ®  W  )  „  nr’1.5 /■'P  2.5  T  2.5  \ 

4  RAD  ~  & - - - egIg  ytg  ~~  'WH  )  1  lS 

The  flame  emissivity,  £g,  was  calculated  using 
reference  [11]: 
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7.4  External  Convective  Heat  Flow 


eg  =  1  - exp(-290 PgLj(f  /  a)lb Tf's )  {3} 


Convective  heat  flow  from  the  combustor  liner  to 
the  annulus  air  is  given  by: 


where  the  luminosity  factor  was  calculated  using 
reference  [13]: 

L  =  0.069 1(C/H-1.82)271  {4} 
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where  C/H  is  the  fuel  carbon/hydrogen  ratio  by 
weight.  For  future  high  pressure  ratio  engines,  the 
practicality  of  using  this  correlation  could  be 
somewhat  dubious.  More  experimental  data  will 
need  to  be  generated. 


7.5  Conduction  Heat  Flux 

The  radial  heat  flux  conducted  through  the  liner 
wall  is  given  by: 
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?" COND  ~  j  (TWH  ~  TWC )  {g} 
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1.6  Convective  Heat  Flux  Through  Liner 


•  Figure  12  shows  how  the  heat  fluxes  vary  as 
the  effective  conductivity  changes.  The  heat  flux 
due  to  conduction  diminishes  as  the  thickness  of 
the  TBC  system  is  increased.  For  the  same  case, 
the  outside  convective  and  radiation  heat  fluxes 
also  decrease  as  expected.  The  internal  radiation 
heat  flux  is  maximum  for  the  case  of  the  uncoated 
liner  since  a  small  fraction  of  the  heat  gets  reflected 
back  to  the  gases. 


The  heat  flux  picked  up  by  the  coolant  as  it  passes 
through  the  semi-transpiration  cooled  wall  is  ex¬ 
pressed  by 

9  air  ~  ^air^Pair^l '  {^WH  ~  ^3  )  {10} 

where  T)  is  the  thermal  effectiveness,  which  is  a 
function  of  the  internal  heat  transfer  coefficient 
within  the  liner.  This  heat  flux  is  absorbed  by  the 
coolant  and  therefore  reduces  the  heat  load  that 
must  be  removed  by  q’coNv  and  q”RAD  on  the  out¬ 
side  liner. 

The  following  figures  summarize  the  results  of  the 
investigation: 
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Figure  1 2.  The  Effect  of  TBC  Thickness  on 
heat  fluxes 


•  Figure  11  shows  the  potential  reduction  in 
metal  wall  temperature  attainable  with  a  refractory 
coating  for  the  semi-transpiration  cooled  liner  sys¬ 
tem.  It  is  obvious  that  changes  in  TBC  thickness 
have  a  pronounced  effect  on  combustor  liner  tem¬ 
perature  as  reflected  in  the  figure.  It  is  also  evident 
that  with  the  application  of  the  TBC  to  the  liner, 
the  liner  wall  metal  temperature  would  be  capable 
of  meeting  life  requirements  as  mentioned  in  sec¬ 
tion  4. 


Figure  1 1 .  The  Effect  of  TBC  Thickness  on 
Liner  Wall  Temperature 


•  Figure  13  shows  the  reduction  in  metal  tem¬ 
peratures  without  TBC  as  coolant  temperature  de¬ 
creases  for  the  same  amount  of  coolant  flow  rate. 
Comparing  these  results  with  the  results  from  fig¬ 
ure  14,  it  is  evident  that  although  the  TBC  surface 
temperature  is  higher,  the  actual  metal  temperature 
(substrate)  on  the  gas  side  is  much  lower. 
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Figure  13.  The  Effect  of  Coolant  Air 

Temperature  Variation  on  Liner 
Wall  Temperature  (Uncoated) 


18-8 


700  750  800  850  900  950  1000 

Coolant  Air  Temperature  -  K 


tem.  TBC  reliability  must  be  equal  or  greater  than 
the  substrate  since  the  integrity  of  the  coating  be¬ 
comes  prime  reliable  as  loss  of  the  coating  can  re¬ 
sult  in  rapid  deterioration  of  the  liner.  Also,  the 
ability  to  apply  TBCs  to  components  with  complex 
geometries  should  be  improved.  As  combustor  in¬ 
let  air  temperature  approaches  the  maximum  al¬ 
lowable  wall  temperature,  there  simply  will  not  be 
enough  cooling  potential  left  to  cool  the  wall  ade¬ 
quately.  This  leaves  the  possibility  of  no  metal  wall 
structure,  no  matter  how  effective,  will  maintain 
reasonable  metal  temperatures  at  those  conditions. 


Figure  14.  The  Effect  of  Coolant  Air 

Temperature  Variation  on  TBC 
Liner  Wall  Temperature 

•  Figure  15  shows  the  impact  of  liner  thermal 
effectiveness  variation  on  wall  temperatures.  As 
would  be  expected,  the  hot  side  metal  temperature 
is  reduced  as  the  ability  of  the  liner  to  extract  heat 
becomes  greater  for  the  same  amount  of  coolant 
flow  rate 
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An  analytical  investigation  was  conducted  to  de¬ 
termine,  through  qualitative  trends  rather  than 
quantitative  values,  the  effect  of  a  ceramic  coating 
on  the  average  metal  temperatures  of  a  full  annular, 
semi-transpiration  cooled  combustor  liner.  This 
investigation  was  conducted  at  a  pressure  of  3040 
KPa,  inlet  air  temperatures  of  1144°K  and  an 
overall  fuel  air  ratio  of  0.67.  The  insulating  effects 
as  well  as  increased  reflectivity  of  the  ceramic 
coating  were  responsible  for  the  reduction  in  heat 
transfer  through  the  liner  walls. 

To  solve  the  heat  flux  equations  a  non  linear  algo¬ 
rithm  was  used.  For  that  purpose  a  Newton- 
Raphson  non-linear  solver  was  developed  to  solve 
the  equations  in  an  iterative  manner.  It  should  be 
mentioned  that  the  energy  balance  equations  repre¬ 
sent  a  gross  approximation  to  the  heat  transfer 
process  taking  place  between  the  liner  structure  and 
its  surroundings.  A  more  rigorous  formulation  for 
the  heat  transfer  process  may  be  developed  if  spe¬ 
cific  details  are  required. 


Figure  15.  The  Effect  of  Variation  of  Thermal 
Effectiveness  on  TBC  Liner  Wall  Temperature 

8.0  SUMMARY 

The  quest  for  higher  thrust-to-weight  ratio  will  en¬ 
tail  increasing  combustor  inlet  and  exit  tempera¬ 
tures.  This  will  impose  very  stringent  requirements 
for  the  development  of  robust  aircraft  combustors. 
A  large  portion  of  the  heat  transferred  to  the  liner 
wall  from  the  hot  combusting  gases  and  particles 
within  the  combustor  will  be  by  radiation.  But 
significant  advances  can  be  obtained  by  incorporat¬ 
ing  third  generation  TBC  into  the  next  production 
of  combustor  liners.  To  maximize  the  potential, 
there  needs  to  be  a  focused  effort.  The  thermal  ef¬ 
fect  of  the  TBC  ceramic  layer  must  become  an  in¬ 
tegral  element  of  the  combustor  liner  design  sys- 


It  appeared  that  the  reduction  in  metal  temperature 
at  any  given  coating  thickness  is  considerably 
greater  than  any  improvements  achieved  solely  by 
cooling  configuration  changes. 

It  was  noted  that  a  relationship  between  liner 
cooling  effectiveness  and  effective  conductivity 
exists.  That  relationship  was  considered  in  the 
analysis,  however,  with  some  limitations.  In  other 
words  as  cooling  effectiveness  changes  there  corre¬ 
sponds  a  change  of  effective  conductivity. 
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SUMMARY 

This  paper  discusses  the  relative  advantages  and 
disadvantages  of  Thermal  Barrier  Coatings  systems 
(TBC’s)  produced  by  thermal  spraying  and  electron- 
beam  PVD  processing  technology  from  a  design  point  of 
view.  This  paper  reviews  the  structure/property 
relationships  for  electron-beam  physical  vapour 
deposition  (EB-PVD)  TBC's  in  contrast  to  those  of 
plasma  sprayed  TBC's,  particularly  with  respect  to 
thermal  conductivity,  erosion  resistance  and  mechanical 
behaviour.  Examples  are  used  to  show  how,  through  the 
development  of  customised  bondcoat  systems,  the 
performance  of  TBC  systems  can  be  considerably 
enhanced,  an  important  incremental  step  towards  the 
ultimate  goal  of  "designed-in  TBC's". 

INTRODUCTION 

To  improve  fuel  efficiency  and  performance  the 
operating  temperatures  of  the  turbine  section  of  the  aero¬ 
engine  have  been  increased  significantly  over  the  past 
twenty  years.  This  temperature  rise  has  been  met  by  the 
use  of  materials  with  increasing  temperature  capability, 
the  introduction  of  advanced  manufacturing  technology 
producing  cast  blades  with  improved  cooling 
effectiveness,  and  the  introduction  of  directionally 
solidified  and  single  crystal  turbine  blade  technology 


(Figure  1),  [Ref.l],  Thermal  barrier  coatings  (TBC's) 
offer  the  potential  of  allowing  an  increase  in  operating 
temperature  of  70  to  150°C  without  any  increase  in  metal 
operating  temperatures  or  the  ability  to  reduce  the  mass 
flow  of  coolant  whilst  maintaining  the  operating 
temperature  of  the  turbine.  Both  possibilities  are  very 
attractive  to  the  turbine  blade  designer.  In  the  first  case 
the  equivalent  of  2-3  generations  of  turbine  alloy 
development  can  be  achieved  with  the  application  of  the 
coating,  in  the  second  case  improvements  in  specific  fuel 
consumption  of  0.25%  can  be  realised.  This  saving  may 
not  appear  significant,  but  can  result  in  an  annual  saving 
of  the  order  of  £6M  for  an  airline  operating  a  fleet  of  747 
or  111  aircraft. 

USE  OF  ZIRCONIA-BASED  TBC'S 

By  virtue  of  a  low  thermal  conductivity,  TBC's  reduce 
the  heat  flux  into  a  component  allowing  a  high  thermal 
gradient  to  be  substended  across  the  thickness  of  the 
ceramic  (Figure  2).  In  addition,  TBC  systems  are 
designed  to  match  as  close  as  is  practical  the  expansion 
characteristics  of  the  nickel-based  component  to  ensure 
that  the  thermal  mismatch  stresses  are  minimised.  During 
the  early  1970's,  due  to  their  relatively  high  coefficients 
of  thermal  expansion  and  low  thermal  conductivities 
[Ref.  2],zirconia  partially  stabilised  with  magnesia  (20% 
MgSZ),  calcia  (20%  CaSZ)  or  yttria  (8wt.  %  PYSZ)  were 


Year 

Figure  1  Increase  in  operational  temperature  of  turbine  components  made  possible  by  alloy,  manufacturing  technology  and  thermal 

barrier  development. 


Paper  presented  at  an  AGARD  SMP  Meeting  on  “Thermal  Barrier  Coatings”, 
held  in  Aalborg,  Denmark,  15-16  October  1997,  and  published  in  R-823. 
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Hot  Gas 


Ceramic  Metal  Wall 

Figure  2  Schematic  of  the  principle  of  the  thermal  barrier  coating 


used  for  plasma  sprayed  thermal  barrier  applications. 
Early  TBC’s  were  manufactured  from  magnesia  or  calcia 
stabilised  zirconia,  which  performed  well  in  service  at 
operating  temperatures  below  c.a.  1000°C.  Above  this 
temperature  significant  diffusion  of  the  magnesium  or 
calcium  ions  occurs  and  precipitates  of  MgO  or  CaO  are 
formed  [Ref.  3]  which  results  in  an  increase  in  thermal 
conductivity  (Figure  3)  and  the  monoclinic  content  of  the 
coating.  This  rise  in  the  monoclinic  content  leads  to 
mechanical  instability  of  the  coating  as  a  result  of  the 
microcracking  associated  with  the  martensitic 
monoclinic/tetragonal  phase  change  on  thermal  cycling. 

This  limitation  of  low  operating  temperature  allied  to 
phase  instability  was  overcome  by  the  introduction  of 
8%  PYSZ  in  the  late  1970's,  a  material  which  is  relatively 
stable  for  elongated  periods  at  temperatures  up  to  1500°C 
with  no  precipitation  of  Y203  from  solution;  (Figure  4) 
[Refs.  4,5].  PYSZ  TBC's  have  performed  well  in  service, 
significantly  increasing  the  life  of  components.  For 
example,  the  application  of  8%  PYSZ  TBC  to 
combustion  can  walls  reduces  the  thermal  stresses  in  the 
can  and  can  result  in  component  lives  in  excess  of  20,000 
hours  (Figure  5). 
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Figure  4  Relative  phase  compositions  of  aged  8%  PYSZ  TBC's. 
Note  the  initial  coatings  were  all  T  face-centred  tetragonal 
phase. 


PLASMA  SPRAYED  VERSUS  PVD  TBC'S 


Although  plasma  sprayed  TBC's  have  performed  well  in 
service  on  annular  surfaces  in  the  engine,  their 
microstructures  do  not  lend  themselves  to  producing 
coatings  with  the  necessary  strain  compliance,  erosion 
resistance  or  surface  finish  required  for  successful 
application  on  blade  or  nozzle  guide  vane  aerofoils.  As  a 
result  their  introduction  into  the  high-pressure  turbine  has 
been  limited.  An  example  of  the  structure  of  a  plasma 
sprayed  coating  is  shown  in  Figure  6,  where  the 
individual  platelets  formed  from  the  droplets  impinging 
on  the  surface  during  the  spraying  process  can  clearly  be 
seen.  In  contrast,  more  recently  electron-beam  physical 
vapour  deposition  (EB-PVD)  has  been  used  to  deposit 
TBC's  which,  because  of  their  columnar  microstructure, 
exhibit  very  high  levels  of  strain  compliance  (Figure  7). 
The  columnar  microstructure  which  forms  is  due  to  the 
atomistic  processes,  nucleation  and  growth  of  the  coating 
from  the  vapour  phase.  In  addition  to  their  good 
compliance,  EB-PVD  TBC  systems  also  offer  other 
benefits  over  plasma  sprayed  TBC's  in  terms  of  improved 
adhesion,  surface  finish  and  erosion  resistance  which  has 
led  to  their  application  onto  turbine  aerofoils.  The  effects 
of  these  properties  on  both  coating  and  engine 


Figure  5  An  example  of  a  combustion  can  with  plasma  sprayed 
TBC  on  the  inner  can  walls. 


Figure  3  Thermal  diffusivity  of  CaSZ  TBC  showing  thermal 
instability  due  to  precipitation  of  CaO  out  of  solution. 


performance  are  discussed  in  the  following  sections. 
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Figure  6  Photomicrograph  of  a  plasma  sprayed  TBC  coating. 

The  network  of  microcracks  (platelet  boundaries)  are  clearly 
visible  together  with  the  porosity  associated  with  these 
coatings. 

Surface  finish 

For  aerofoil  applications,  the  coefficient  of  friction  (Cf) 
of  the  surface  of  the  blade  is  directly  related  to  roughness 
[Ref.  4]  and  in  turn  the  Cf  value  influences  the  heat 
transfer  coefficient  and  efficiency  of  the  turbine  [Refs. 
6,7,8].  The  primary  loss  coefficient  is  plotted  in  Figure  9 
for  Reynolds  numbers  between  0.5-1.5xl06  which  covers 
the  range  for  high-pressure  turbine  aerofoils.  As  can  be 
seen  in  Figure  8,  the  as  deposited  plasma  sprayed  TBC 
will  have  a  significant  effect  on  the  performance  of  the 
turbine.  The  plasma  sprayed  TBC  has  a  typical  surface 
roughness  of  c.a  10  pm  Ra  (Figure  9)  and  a  peak  to 
valley  height  of  80-100  pm  which  results  in  an  increase 
in  the  primary  loss  coefficient  in  the  turbine  of  the  order 
of  2%  (from  1.5%  to  3.5%)  [Ref.  7],  In  contrast  the  EB- 
PVD  TBC  surface  finish  is  close  to  that  of  the  metal 
surface,  typically  1.0  pm  Ra  (Figure  10)  with  a  peak  to 
valley  height  of  10  pm.These  coatings  exhibit  a  primary 
loss  coefficient  of  the  order  of  1 .5%,  and  do  not  appear  to 
increase  the  loss  coefficient  over  that  observed  for  the 
uncoated  metal  surface. 


Reynolds  number  RexlO"6 

Figure  8  Primary  loss  coefficient  for  a  high  pressure  turbine 
aerofoil  showing  the  effects  of  different  surface  roughness  of 
TBC. 


Figure  7  Photomicrograph  of  EB-PVD  TBC  showing  the 
columnar  microstructure. 


Polishing  of  the  thermally  sprayed  TBC  results  in  a 
surface  finish  of  2-3  pm,  however  as  will  be  discussed 
later,  erosion  of  the  coating  in  service  will  increase  the 
surface  roughness  of  the  TBC  back  to  values  approaching 
10  pm.  As  a  result  the  designer  will  favour  EB-PVD 
TBC  systems  for  use  on  high  pressure  turbine  blade  and 
nozzle  guide  vane  aerofoils  for  the  aerogas  turbine 
engine. 


Figure  10  Scanning  electron  micrograph  of  the  surface  of  an 
EB-PVD  coating  showing  the  pyramidal  end  form  of  the 
columns  and  low  surface  roughness. 
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Figure  1 1  Young's  moduli  of  solid  sintered  8%  PYSZ,  plasma 
sprayed  and  EB-PVD  8%  PYSZ  TBC  systems  measured  by 
dynamic  techniques. 


For  TBC  applications  in  large  turbine  components 
(particularly  in  the  power  generation  industry)  the 
relative  roughness  of  the  plasma  sprayed  TBC  compared 
to  the  blade  chord  dimensions  becomes  more  favourable 
and  the  effects  of  increase  friction  coefficient  become 
less  important.  Similarly,  the  local  gas  velocities  in  the 
combustion  zones  are  lower  whcih  can  lead  to  low 
coefficient  of  friction  losses  and  use  of  plasma  sprayed 
TBC  systems  in  such  circumstances  are  not  so 
detrimental  to  performance. 

Strain  Compliance 

Several  papers  have  been  published  detailing  the 
modulus  of  TBC  systems  measured  by  various  techniques 
including  compressive  and  tensile  tests  [Ref.  9],  dynamic 
vibration  and  ultrasonic  velocity  measurements  tests 
[Refs.  10,1 1]  and  the  values  generated  vary  depending  on 
the  techniques  used.  More  specifically  the  values  vary 
dependent  on  the  displacements  the  test  method  imposes 
during  measurement. 


measurements  are  made  with  the  laser  ultrasonic  method 
at  high  temperatures  the  signal  is  very  highly  attenuated 
by  the  coating  indicating  that  the  column  boundaries  are 
playing  a  significant  role.  It  is  expected  that  when  the 
coating  is  in  tension  and  the  column  boundaries  open  up, 
the  composite  tensile  modulus  of  the  EB-PVD  coating 
and  column  boundaries  will  reduce  significantly  more 
than  the  compressive  values. 

The  relatively  high  modulus  associated  with  the  plasma 
sprayed  TBC  can  lead  to  high  thermal  strains  in  the 
coating,  especially  around  tight  radii  of  curvature  which 
are  found  around  the  leading  edges  of  high-pressure 
turbine  aerofoils.  As  an  example  Figure  12  compares  the 
microstructures  of  a  plasma  and  an  EB-PVD  TBC  which 
have  undergone  thermal  cyclic  testing.  In  the  case  of  the 
plasma  sprayed  coating,  there  has  been  significant 
cracking  within  the  ceramic  leading  to  gross  failure  of  the 
TBC  system,  whereas  the  EB-PVD  system  has  suffered 
little  mechanical  damage  within  the  ceramic  layer. 


In  this  paper  the  moduli  of  bulk  sintered  8%  PYSZ 
material  and  EB-PVD  8%  PYSZ  TBC  were  measured  by 
a  laser  ultrasonic  method  [Ref.  1 1]  and  compared  to  those 
values  measured  by  a  resonant  technique  for  plasma 
sprayed  8%  PYSZ  [Ref.  9],  In  both  methods  the 
calculation  of  modulus  is  based  on  the  measurement  of  a 
compression  surface  and  shear  elastic  waves  in  the 
coating  material.  Figure  11  summaries  the  Young's 
moduli  of  solid  sintered  8%  PYSZ,  plasma  sprayed  and 
EB-PVD  8%  PYSZ  TBC's.  The  modulus  of  the  plasma 
sprayed  TBC  systems  is  similar  to  that  of  the  sintered 
material,  with  a  room  temperature  value  of  200  GPa 
reducing  to  160  GPa  at  1000°C.  The  EB-PVD  TBC  in 
comparison  exhibits  a  Young's  modulus  approximately 
half  of  that  of  the  bulk  material,  ranging  from  100  GPa  at 
room  temperature  down  to  40  GPa  at  1 100°C.  Care  has  to 
be  taken  to  remember  that  this  is  the  modulus  of  the 
coating  when  the  columns  of  the  PVD  coating  are  in 
contact  and  they  are  capable  of  transferring  a 
compressive  elastic  wave  through  the  structure.  When 


Figure  12  Photomicrographs  of  (a)  plasma  sprayed  and 
(b)  EB-PVD,  TBC's  showing  the  thermal  strain  damage  in  the 
plasma  sprayed  TBC  following  burner  rig  testing. 
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Plasma  Sprayed  EB-PVD  Substrate 

Figure  13  Erosion  resistance  of  plasma  sprayed  and  EB-PVD 
TBC's,  compared  to  that  of  a  metallic  substrate. 


Again,  like  surface  finish,  the  EB-PVD  TBC  systems  are 
more  attractive  to  the  designer  where  the  coating  is 
subjected  to  high  thermal  and  mechanical  loads  during 
engine  operation.  The  conditions  encountered  around  the 
aerofoil  surface  in  the  high-pressure  turbine  represent 
such  an  environment  and  it  is  not  surprising  that  EB-PVD 
is  the  principal  choice  in  this  region. 

Erosion  resistance 

The  erosion  resistance  of  TBC  coatings  has  been 
measured  using  high-temperature  erosion  facilities.  Early 
studies  [Ref.  12]  showed  that  the  erosion  resistance  of 
EB-PVD  TBC's  was  approximately  8-10  times  that  of  the 
plasma  sprayed  TBC  system.  Further  erosion  studies  at 
temperatures  up  to  910°C  [Ref.  11,13]  using  A1203 
erodant  at  velocities  up  to  230  m/s,  showed  that  the 
erosion  resistance  of  EB-PVD  at  both  20  and  910°C  were 
approximately  7  times  that  of  plasma  sprayed  TBC's  at 
90°  impingement  (Figure  13).  Erosion  tests  at  room 
temperature  also  showed  that  the  angle  of  incidence  of 
the  particle  also  had  a  notable  effect  on  the  erosion  rate. 
For  the  plasma  sprayed  TBC  systems  the  erosion  rate 
decrease  with  the  angle  of  incidence  with  the  rate  at  30° 
impingement  being  one  third  of  that  at  90°  (Figure  14) 
[Ref.  13]. 


Figure  1 5  Generation  of  cracks  in  the  near  surface  region  of  the 
EB-PVD  TBC  systems  during  erosion  testing. 

The  reasons  for  this  erosion  behaviour  and  the 


Impingement  Angle  (°) 

Figure  14  Room  temperature  erosion  rate  of  plasma  and  EB-PVD 
TBC  systems  as  a  function  of  impingement  angle. 

mechanisms  of  erosion  are  well  understood  [Ref.  13].  At 
low  and  intermediate  temperatures,  the  erosion  of  plasma 
sprayed  TBC  systems  involves  the  removal  of  coating 
material  in  the  form  of  the  mechanically  bonded  platelets. 
This  requires  relatively  low  amounts  of  energy  as  the 
coating  already  contains  a  high  number  of  microcracks, 
and  particle  boundaries,  therefore  the  erodant  has  to  do 
little  work  on  the  systems  to  generate  small  amounts  of 
new  crack  surface  to  remove  the  platelet.  As  relatively 
large  masses  are  removed  with  little  mass  of  erodant,  the 
mass  erosion  rate  is  high.  In  contrast,  the  erosion  of  EB- 
PVD  TBC's  requires  the  generation  of  a  new  crack 
surface  across  individual  columns  which  needs  a 
relatively  high  amount  of  energy  compared  with  the 
plasma  sprayed  coating  (Figure  1 5).  When  this  fracture 
has  occurred,  the  amount  of  material  which  is  released  is 
relatively  small  in  comparison  to  the  platelets  in  a 
plasma  sprayed  deposit  and,  as  a  consequence,  the 
erosion  rate  is  low.  In  addition,  because  the  cracking 
damage  in  the  EB-PVD  TBC  due  to  small  erodant 
particles  is  limited  to  the  near  surface  regions,  the  surface 
finish  of  the  coating  is  not  adversely  affected  by  the 
erosion  process.  This  is  not  the  case  for  plasma  sprayed 
TBC's  which  have  been  polished,  where  erosion  of  the 
coating  causes  the  surface  finish  to  revert  quite  quickly  to 
the  as  deposited  values,  leading  to  significant 
performance  penalties  as  discussed  earlier  (Figure  16) 
[Ref.  12]. 


Figure  16  Effects  of  erosion  on  the  surface  finish  of  EB-PVD  and 
plasma  sprayed  TBC's. 
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Figure  17  Example  of  large  particle  damage  at  high 
temperature  showing  the  degree  of  plasticity  shown  by  the  8% 
PYSZ  coating. 


At  high  temperatures  there  is  certainly  evidence  within 
EB-PVD  TBC's  that  significant  plasticity  can  occur 
especially  when  large  particles,  foreign  object  damage 
(FOD),  impinge  onto  the  surface  (Figure  17).  This  FOD 
mechanism  of  coating  damage  has  been  seen  in 
development  engines  where  the  impact  damage  matches 
that  produced  in  the  high-temperature  erosion  rig  used 
for  laboratory  assessment. 

In  summary,  for  low  angle  impingement,  such  as  exists 
on  the  annular  surfaces  of  the  combustion  can  and  nozzle 
guide  vane  platforms,  or  where  gas  velocities  (and 
subsequently  particle  velocities  )  are  low,  plasma  sprayed 
TBC  systems  can  perform  as  adequately  as  PVD. 
However  where  the  gas  velocities  are  high  and  the 
impingement  angle  moves  closer  to  90°,  EB-PVD  TBC 
systems  offer  significant  advantages  over  plasma  sprayed 
TBC's. 

Coating  adhesion 

Traditionally  the  adhesion  of  plasma  sprayed  coatings  has 
been  assessed  by  the  use  of  bend  testing,  lap  shear  testing 
and  pull-off  testing  amongst  other  techniques  [Ref  14]. 
Fr  plasma  sprayed  TBC's  of  0.25  mm  thickness,  as 
deposited  adhesion  strengths  are  in  the  range  20-40  MPa 
with  the  strength  decreasing  as  the  coating  thickness 
increases.  As  deposited  EB-PVD  TBC  systems  exhibit 
adhesive  strengths  higher  than  the  glue  and  generally  no 
useful  data  is  generated  from  pull-off  testing  these 
systems.To  aid  in  the  development  of  improved  bondcoat 
systems,  a  method  of  assessment  of  adhesion  had  to  be 
developed  which  could  differentiate  between  the  various 
forms  of  aluminide  and  MCrAlY  EB-PVD  TBC  systems. 
This  requirement  led  to  the  development  of  the 
transverse  scratch  adhesion  test  [Ref.  15]. 


Figure  18  Schematic  of  the  transverse  scratch-adhesion  test 
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Ageing  Temperature  (lOOHours) 

Figure  19  Scratch  test  adhesion  values  for  EB-PVD  TBC's 
systems  on  directionally  solidified  MarM002  alloy. 
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Figure  20  The  effect  of  radius  of  curvature  on  scratch  test  value 
and  the  resolved  interfacial  strength. 

Briefly  this  test  involves  indenting  the  substrate  of  a 
coated  sample  which  is  metallographically  prepared  in  a 
mount,  and  moving  the  indentor  from  the  substrate 
though  the  interface  region  and  the  coating  to  the  mount 
material  (Figure  18).  This  process  is  repeated  several 
times  at  various  indentation  loads,  the  crack  length  at  the 
interface  of  the  bondcoat  and  ceramic  layers  being 
plotted  as  a  function  of  load  and  extrapolated  to  a  no¬ 
cracking  critical  load.  This  load  is  then  used  directly  to 
rank  coating  systems  or  can  be  converted  via  finite 
element  modelling  to  an  interface  strength  in  MPa  [Ref. 
15].  Figure  19  shows  the  scratch-test  data  for  two  EB- 
PVD  TBC  systems,  one  with  a  EB-PVD  MCrAlY 
bondcoat  the  other  with  a  platinum-aluminide  bondcoat. 
As  can  be  seen  from  the  figure  the  test  has  enabled 
differences  in  the  ageing  performance  of  the  interface 
region  to  be  studied,  even  at  adhesive  strengths  far  in 
excess  of  those  measurable  by  the  pull-off  test  (typically 
equivalent  to  5N  load  on  the  scratch  test).  The  modelled 
adhesive  strength  for  the  as  deposited  coating  systems 
was  400  MPa  (Figure  20). 
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Figure  21  Transport  of  Hf  through  grain  boundaries  in  the 
platinum-aluminide  (top)  to  form  Hf02  pegs  (bottom)  at  the 
interface  with  the  Al203  thermally  grown  oxide  scale. 


Thermal  Conductivity 

Where  as  the  EB-PVD  TBC  system  offers  significant 
benefits  over  plasma  sprayed  TBC's  for  aerofoil 
application  in  the  areas  of  compliance,  surface  finish, 
erosion  and  adhesion,  the  thermal  conductivity  of  EB- 
PVD  TBC's  are  higher  than  their  plasma  sprayed 
counterparts.  A  typical  plasma  sprayed  TBC  will  have  a 
thermal  conductivity  of  0.7-0.9  W/m.K  [Ref.  4]  whilst  a 
0.25  mm  thick  PVD  coating  exhibits  a  thermal 
conductivity  of  1.6  W/m.K  [Ref.  16].  Again,  these 
property  differences  are  related  to  the  microstructure  of 
the  systems,  in  the  case  of  the  plasma  sprayed  TBC  the 
platelet  boundaries  (air  gaps)  offer  a  significant  resistance 
to  heat  flow  whilst  the  EB-PVD  TBC  column  boundaries 
lay  parallel  to  the  principal  heat  flux  direction  and  have 
little  effect  on  the  conductivity  [Ref  17].  Further  more, 
due  to  the  structure  of  the  EB-PVD  coating,  the  thermal 
conductivity  varies  as  a  function  of  the  thickness  of  the 
coating.  This  variation  is  related  to  the  high  thermal 
resistance  of  the  coating  near  the  interface  region  where 
the  coating  has  a  high  density  of  column  boundaries  due 
to  the  nucleation  and  competitive  growth  nature  of  the 
PVD  process  [Ref.  17] 
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Figure  22  Relative  bond  strengths  of  PVD  TBC  systems  on 
MarM002  substrates  (datum  =  platinum  -aluminide  bondcoat) 


BONDCOAT  DEVELOPMENT 


The  first  bondcoat  systems  for  EB-PVD  TBC's  were 
based  on  the  environmental  protection  coatings  that  were 
in  use,  for  example  MCrAlY  coatings  produced  by  EB- 
PVD.  During  the  early  development  phase  of  bondcoat 
technology,  it  became  apparent  that  the  substrate  played 
an  important  role  in  the  adhesion  of  the  ceramic, 
especially  with  regard  to  the  diffusion  of  alloying 
elements  from  the  substrate  through  the  bondcoat  to  the 
near  interface  region  with  the  oxide  [Ref.  18],  This  led  to 
a  development  programme  where  the  rules  for  the  design 
of  a  bondcoat  were  formulated  from  a  detailed 
understanding  of  the  mechanisms  of  interface 
degradation  and  ceramic  spallation.  For  example,  in  the 
case  of  a  platinum-aluminide  bondcoat  applied  to 
MarM002  the  degradation  mode  was  identified  as: 

•  Short  cicuit  diffusion  of  matrix  elements  along  prior 
P-phase  ((NiPt)Al)  grain  boundaries  forming  hafhia 
pegs. 

•  With  continued  exposure  growth  of  these  hafhia  pegs 
occurs,  these  being  surrounded  by  a  shell  of  a- 
alumina,  and  finally, 

•  Void  formation  and  coalesence  which  causes  a  plane 
of  weakness  at  the  thermally  grown  oxide  (TGO) 
bondcoat  interface  which  reults  in  ceramic  spallation 
(see  Figure  21)  [Ref.  18], 

The  progressive  reduction  in  the  adhesive  strength  of  the 
platinum-aluminide  EB-PVD  TBC  systems  being 
previously  shown  in  Figure  19. 

Further  research  showed  that  even  within  the  MCrAlY 
family  of  bondcoats  of  the  same  composition,  significant 
varistion  in  the  adhesive  strengths  of  the  ceramic  could 
result  from  differences  in  the  processing  techniques 
(Figure  22)  [Ref.  19].  The  differences  in  the  adhesion 
behaviour  of  the  EB-PVD  and  vacuum  plasma  sprayed 
(VPS)  MCrAlY  bondcoats  are  due  to  the  role  of  yttrium 
and  the  cleanliness  of  the  bondcoat  manufacturing 
processes.  In  the  case  of  the  EB-PVD  bondcoat,  the 
yttrium  is  available  as  Y  in  an  uncombined  form  (yttrium 
nickel  intermetallic)  which  is  mobile  and  can  be  taken  up 
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Figure  23  Relative  bond  strengths  of  PVD  TBC  systems  on 
CMSX-4  substrates  (datum  =  platinum  -aluminide  bondcoat  on 
MarM002) 

by  the  growing  oxide.  In  the  case  of  the  VPS  coating,  the 
yttrium  is  present  as  Y203  and  although  dispersed 
throughout  the  coating,  cannot  migrate  and  is  not 
available  to  be  incorporated  into  the  coating  or  to  tie-up 
tramp  elements  coming  through  from  the  substrate. 

When  single  crystal  substrates  were  evaluated  the  cyclic 
lives  were  lower  than  the  same  coating  systems  on 
MarM002  and  showed  lower  adhesion  values  (Figure 
23)  [Ref.  19].  One  important  contributing  factor  to  these 
differences  in  TBC  adhesion  relates  to  the  lower  carbon 
levels  in  the  single  crystal  alloys.  Carbon,  present  in 
directionally  solidified  and  conventionally  cast  alloys  as  a 
grain  boundary  strengthener,  combines  with  alloying 
elements  like  titanium  and  tantalum  to  form  grain 
boundary  precipitates.  With  the  low  levels  of  carbon  in 
single  crystal  alloys  there  is  little  to  combine  with  the 
titanium  and  other  alloying  additions  to  stop  them 
diffusing  through  to  the  interface  with  the  thermally 
grown  oxide.  Such  elements  disrupt  the  growth  of  a- 
alumina  and  markedly  reduce  TBC  adherence. 

To  counteract  this  problem  with  single  crystal  alloys  a 
bondcoat  system  was  developed  to  stop  the  diffusion  of 
these  damaging  elements  from  the  substrate  [Ref.  20], 
This  comprises  of  an  MCrAIY  bondcoat  with  a  thin  layer 
of  platinum  diffused  into  it  prior  to  the  deposition  of  the 
ceramic  layer.  This  layer  is  effective  in  blocking  the 
diffusion  of  the  damaging  elements  from  the  substrate 
and  as  a  result  has  increased  not  only  the  adhesion  but 
also  has  improved  significantly  the  temperature 
capability  of  the  system  (Figures  22  and  23). 


CONCLUDING  REMARKS 

This  paper  has  reviewed  the  advantages  and 
disadvantages  of  both  plasma  sprayed  and  EB-PVD  TBC 
systems  and  their  applications  in  the  modem  gas  turbine 
engine.  Although  in  terms  of  erosion  resistance  and  strain 
compliance  the  EB-PVD  TBC  systems  has  significant 
advantages  over  plasma  sprayed  TBC's,  in  many 
applications  in  the  gas  turbine  engine,  such  as  the 


combustion  can  and  nozzle  guide  vane  platforms,  plasma 
sprayed  TBC  performs  adequately.  These  applications  for 
plasma  sprayed  TBC's  will  continue  and  because  of  their 
relatively  low  cost  compared  to  EB-PVD  TBC's,  their 
application  to  these  types  of  components  in  the  future 
seems  to  be  assured. 

Where  EB-PVD  technology  undoubtedly  wins  over 
plasma  sprayed  TBC's  is  on  the  aerofoils  of  the  modem 
aero-gas  turbine,  where  a  good  surface  finish  is 
paramount  and  excellent  strain  compliance  and  adhesion 
are  required.  In  these  areas  EB-PVD  offers  significant 
benefits  over  plasma  spraying  which  more  than  justifies 
the  higher  manufacturing  costs. 


REFERENCES 

1.  Driver  D.,  Hall  D.W.  and  Meetham  G.W.,  in  "The 
development  of  the  gas  turbine  engine",  Applied 
Science  Publishers  (London),  1981. 

2.  Morrell  P.  and  Taylor  R.,  “Thermal  diffusivity  of 
thermal  barrier  coatings  of  Zr02  with  Y203”  High 
Temperatures-High  Pressures,  L7,  .(1985)  79 

3.  Brandt  R.  "Thermal  diffusivity  measurements  on 
plasma  sprayed  calcia  stabilised  zirconia",  High- 
Temps.  High-Press.,  ,13  (1979). 

4.  Morrell  P.  and  Taylor  R.  "Thermal  diffusivity  and 
phase  structure  of  zirconia-based  thermal  barrier 
coatings",  in  "Advances  in  Ceramics”  Volume  24: 
Science  and  Technology  of  Zirconia  III,  (1988),  The 
American  Ceramics  Society. 

5.  Brandon  J.R.,  Taylor  R.  and  Morrell  P. 
“Microstructure,  composition  property  relationships 
in  plasma-sprayed  thermal  barrier  coatings”,  Surface 
and  Coatings  Technology,  50  (1992)  141. 

6.  Moody  L.F.,  Trans.  ASME,  77,  1265  (1943). 

7.  Watt  R.M.,  Allen  J.L.,  Bains,  N.C.  Simons  J.P.,and 
George  M.,  "A  study  of  the  effects  of  TBC  surface 
roughness  on  the  boundary  layer  characteristics  of  gas 
turbine  aerofoils",  ASME87-GT-202  (1987). 

8.  Ferreira  G.,  Coney  M.H.  and  Harrogate  I., 
"Observations  regarding  the  influence  of  surface 
finish  on  the  performance  of  a  TBC  prepared  by 
plasma  arc",  presented  at  ISABE  Conference, 
Nottingham  1990. 

9.  Sheffler  K.D.,  Nissley  D.M.  and  Cruise  T.A., 
"Thermal  barrier  coating  life  prediction  model 
development",  Trans.  ASME,  1 14,  258,  (1992). 

10.  Hillery  R.V.,  Pilsner  B.H.,.McKnight  R.L,  Cook 
T.S.and  Hartle  M.S., "Thermal  barrier  coating  life 
prediction  model  development  -  Final  Report",  NASA 
CR  180807,  (1988). 

11.  Morrell  P.  and  Nicholls  J.R,  ""The  development  of 
environmentally  tolerant  PVD  thermal  barrier 
coatings  -  Final  Synthesis  Report",  BRITE/EuRAM 
programme  BREU-0141,  Commission  of  the 


European  Communities  (1995). 

12. Toriz  F.C.,  Thakker  A.B.  and  Gupta  S.K.,  "Thermal 
barrier  coatings  for  jet  engines",  Surface  and  Coatings 
Technology,  39/40  (1989)  161. 

13. Deakin  M.J.,  Nicholls  J.R  and  Rickerby  D.S., 
"Erosion  of  thermal  barrier  coatings",  In  High- 
Temperature  Surface  Engineering  Conference,  23-25 
September  Edinburgh  (1997). 

14.  Chalker  P.R.,  Bull  S.  J  and  Rickerby  D.S.,  Materials 
Science  and  Engineering  AMO  (1991)  583. 

15.  Johnstone  A.,  Rickerby  D.S.  and  Morrell  P.,  "Scratch 
adhesion  testing  of  TBC  systems",  In  High- 
Temperature  Surface  Engineering  Conference,  23-25 
September  Edinburgh  (1997). 

16.  Lawson  K.L,  Nicholls  J.R  and  Rickerby  D.S., 
"Thermal  conductivity  and  ceramic  microstructure", 
In  High-Temperature  Surface  Engineering 
Conference,  23-25  September  Edinburgh  (1997). 

17.  Nichols  J.R.,  Rickerby  D.S.  and  Lawson  K.L, 
"Advanced  processing  for  reduced  thermal 
conductivity".  Paper  6  at  85th  Meeting  of  Structures 
and  Materials  Panel,  Aalborg,  Denmark  15/16 
October  1997. 

1 8.  Tawancy  H.M.,  Sridhar  N.,  Abbas  N.M.  and  Rickerby 
D.S.,  "Comparative  thermal  stability  characteristics 
and  isothermal  oxidation  behaviour  of  an  aluminised 
and  platinum-aluminised  Ni-based  superalloy", 
ScriptaMet.  et  Materiala.,  33,  1431  (1995). 

19.  Bell  S.R,  Wing  R.G.  and  Woods  J.L.,  "Electron  beam 
physical  vapour  deposition  (EBPVD)  thermal  barrier 
coatings  for  industrial  gas  turbine  engines",  Presented 
at  AMSE  Turbo  '96  Congress,  Birminham  (1996). 

20.  "Thermal  barrier  coatings  for  a  super  alloy  -article 
and  method  of  application",  European  Patent 
EP0718419A2,  (1995). 


RESEARCH  and  TECHNOLOGY  ORGANIZATION 
85th  MEETING  of  the  STUCTURES  and  MATERIALS  PANEL 
WORKSHOP  3  «  THERMAL  BARRIER  COATINGS  » 
AALBORG  (DENMARK)  -  15-16  OCTOBER  1997 

☆☆☆☆☆☆☆ 

REPORT  on  the  FINAL  DISCUSSION 
Thursday,  October  16th  1997 
15hl0  -  16h25 

Chairman  :  Alain  LASALMONIE  (SNECMA) 
Recorder  :  Stefan  DRAWIN  (ONERA) 


Table  of  contents 


1.  «  THIN  »  TBC  (AIRFOIL  APPLICATIONS) 

1.1  Thermal  conductivity 

1.1.1  Effect  of  microstructure 

1.1.2  Effect  of  composition 

1.1.3  Modelling 

1. 1.4  Measurements 

1 .2  Processing  of  TBCs 

1.2.1  Plasma  spraying  (PS) 

1.2.2  EBPVD 

1.2.3  Layered  structures 

1.2.4  Plasma  assisted  CVD 

1.3  Lifetime  of  TBCs 

1.3.1  Role  of  bond  coat,  TGO  and  oxidation 

1.3.2  Testing  methodology 

1.3.3  Modelling 

1.3.4  Graded  structures 

1.4  Other  properties 

1.4.1  Erosion 

1.4.2  TBC  repair 

2.  «  THICK  »  TBC  (COMBUSTOR  APPLICATIONS) 

2. 1  TBC  ON  free-standing  components 

2.2  TBC  FOR  COMBUSTORS 


D-2 


A.  Lasalmonie  (SNECMA)  opened  the  round  table  by 
rapidly  summarizing  the  themes  presented  throughout  the 
workshop  (see  table  of  contents  above). 


1.  «  THIN  »  TBC  (AIRFOIL  APPLICATIONS) 

1.1  Thermal  conductivity 

1.1.1  Effect  of  microstructure 

A.  Lasalmonie  (SNECMA)  -  Effects  of  grain  size  and 
shape,  (macro-)defects  (pores  and  cracks)  and  layering 
were  presented  in  papers  N°l,  6,  8,  9,  14,  20.  The  needs 
are  more  quantitative  measurements  and  studies  on  the 
stability  of  the  microstructure  (vs.  time  and  temperature). 

U.  Schulz  (DLR)  -  The  quantitative  values  needed  are 
values  for  thermal  conductivity  after  aging,  not  on  as- 
deposited  TBCs. 

W.  Brindley  (NASA)  -  Yes,  but  informations  on  initial 
(as-deposited)  and  final  microstructure,  as  well  as  on 
intermediate  states,  are  needed  too,  to  get  an  idea  of 
the  important  parameters  that  govern  microstructure 
evolution  during  aging. 

1.1.2  Effect  of  composition 

A.  Lasalmonie  (SNECMA)  -  Is  8YSZ  (8  wt%-yttria 
partially  stabilized  zirconia),  the  composition  that  is  the 
most  studied  and  the  most  used  industrially,  really  the 
most  appropriate  composition,  since  higher  yttria 
contents  seem  to  exhibit  lower  thermal  conductivities? 
The  role  of  dopant  and  the  use  of  other  oxides  has  also  to 
be  studied  (needs  for  basic  research). 

P.  Morrell  (ROLLS-ROYCE)  -  Yes,  as  shown  by  Y. 
Jaslier  in  paper  N°l,  and  in  other  studies,  thermal 
conductivity  decreases  with  increasing  yttria  content, 
but  if  the  yttria  content  is  higher  than  ca.  20  wt%, 
ordering  phenomena  appear  and  thermal  conductivity 
increases. 

The  8YSZ  composition  has  been  developed  and 
optimized  by  Chromalloy  by  durability  tests  on 
plasma-sprayed  coatings.  This  composition  has,  from 
then  on,  be  « conservatively »  adopted  by  the 
aeroengine  industry. 

W.  Brindley  (NASA)  -  Temescal  20YSZ  EBPVD 
coatings  exhibited  nasty  erosion  problems. 

A.  Lasalmonie  (SNECMA)  -  It  is  time  now  to  investigate 
other  compositions. 

V. R.  Parameswaran  (NRC)  -  Magnesia  stabilized 

zirconia  has  been  tested,  but  gave  bad  results.  Using 
ceria  (at  high  content  :  25%),  good  results  were 
obtained  up  to  1600°C,  but  ceria  was  (partially) 
reduced  to  Ce203  by  chromium  and  aluminum  from 
the  substrate. 

P.  Costa  (ONERA)  -  If  ceria  and  other  rare  earth  oxides 
are  to  be  studied,  the  oxides  of  the  elements  at  the 
end  of  the  series  should  give  the  best  thermodynamic 
stability. 


1.1.3  Modelling 

A.  Lasalmonie  (SNECMA)  -  Modelling  is  important  for 
optimizing  the  structure  and  the  properties  of  TBCs.  The 
trends  need  to  be  quantified  and  experimental  validation 
are  required. 

To  study  by  numerical  simulation  the  influence  of  the 
morphology  on  thermal  conductivity  to  produce 
guidelines  for  coating  manufacturers  is  an  interesting 
idea  (see  paper  N°13).  Can  existing  image  analysis 
techniques,  such  as  those  developed  e.g.  for  grain 
boundary  studies  on  metallic  alloys,  be  applied  to  TBCs? 

R.  Mevrel  (ONERA)  -  The  approaches  seem  to  be 
different. 

1.1.4  Measurements 

A.  Lasalmonie  (SNECMA)  -  The  thermal  conductivity 
measurement  techniques  on  TBCs,  especially  at  high 
temperatures,  should  become  more  reliable  and  could  be 
assessed  by  a  Round  Robin  on  standard  specimens. 

P.  Morrell  (ROLLS-ROYCE)  -  Such  a  Round  Robin  was 
performed  five  years  ago  in  the  United  Kingdom. 

Y.  Jaslier  (SNECMA)  -  SNECMA  already  performed  an 
intercomparison  campaign  (two  laboratories  in 
France,  one  in  the  United-Kingdom,  one  in  the 
United  States). 

W.  Brindley  (NASA)  -  The  contributions  of  the  radiative 
and  conductive  components  of  the  thermal 
conductivity  should  be  assessed. 

Zimmermann  (?XXX)  -  Experiences  have  been 
performed  on  uncoated  polished  substrates  and 
100  pm  zirconia-coated  substrates  and  showed  that 
radiation  should  not  be  neglected. 

1.2  Processing  of  TBCs 

1.2.1  Plasma  spraying  (PS) 

A.  Lasalmonie  (SNECMA)  -  The  presented  communi¬ 
cations  (papers  N°3  and  4)  have  shown  good 
improvements  in  the  process  control,  a  better 
understanding  of  the  influence  of  deposition  parameters 
and  modelling  of  the  coating  formation. 

Can  better  structures  and  properties  be  achieved  by 
including  columnar  inner  structure  to  PS  splats,  as  those 
shown  by  P.  Fauchais  (paper  N°3)? 

Y.  Jaslier  (SNECMA)  -  The  columns  shown  by 
P.  Fauchais  are  generated  by  a  solidification  front 
starting  from  the  cold  substrate  and  proceeding 
towards  the  liquid  part  of  the  splat,  whereas  for  the 
columnar  structure  in  EBPVD  coatings  you  have 
solidification  (condensation)  from  the  gas  phase  to 
the  solid  substrate  :  the  properties  may  not  be  the 
same. 

XXX  (?)  -  A  recent  study  by  Boeing  showed  that  LPPS 
TBCs  exhibit  a  fivefold  longer  lifetime  than  APS 
coatings. 

W.  Brindley  (NASA)  -  It  has  to  be  noticed  that  a  great 
variability  exists  in  the  properties  of  PS  TBCs  from 
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one  coating  manufacturer  to  the  other.  So,  great  care 
should  be  taken  when  comparisons  are  made! 

There  is  place  for  both  processes  (PS  and  EBPVD)  in 
aeroengines  and  other  parameters  than  durability 
have  to  be  taken  into  account. 

XXX  (??)  -  Have  other  studies  on  reproducibility  of  PS 
coatings  been  performed  (c/paper  N°4)? 

A.  Lasalmonie  (SNECMA)  -  Equipments  are  now 
availavable  and  installed,  for  a  good  control  of  the 
reproducibility. 

C.  Moreau  (NRCC)  -  A  good  control  for  a  better 
reproducibility  can  be  achieved  by  controlling  the 
particle  velocity  and  temperature  and  the  substrate 
temperature.  The  latter  depends  of  the  type  of  thermal 
contact  between  splats. 

XXX  (??)  -  How  much  variability  can  be  tolerated? 

C.  Moreau  (NRCC)  -  For  variations  of  100°C  for  the 
substrate  temperature,  different  coating  micro¬ 
structures  were  observed. 

P.  Morrell  (ROLLS-ROYCE)  -  From  the  point  of  view  of 
the  manufacturer,  the  shape  of  the  component  to  be 
coated  is  of  prior  importance.  The  now  available 
processes  are  a  compromise  of  what  the  engineers 
want  and  what  they  can  get. 

1.2.2  EBPVD 

A.  Lasalmonie  (SNECMA)  -  Different  coating  structures 
and  properties  can  be  obtained  by  EBPVD.  If  we  refer  to 
the  presentation  by  G.  Marijnissen  (INTERTURBINE, 
paper  N°10),  this  is  a  process  that  has  to  be  further 
controlled  :  the  influence  of  a  lot  of  parameters  has  to  be 
studied. 

V.R.  Parameswaran  (NRC)  -  Grading  should  have  a  good 
influence  on  the  properties  of  the  EBPVD  coatings. 

1.2.3  Layered  structures 

A.  Lasalmonie  (SNECMA)  -  Interesting  results  have 
been  presented  ( cf  paper  N°6),  but  no  thermal  stability 
and  lifetime  values  are  available  for  these  TBCs. 
Furthermore,  are  these  structures  industrially  feasable? 

J.R.  Nicholls  (CRANFIELD  Univ.)  -  These  are  still  too 
new  systems  :  they  have  only  been  tested  at  1100°C 
for  50  hours. 

A.  Lasalmonie  (SNECMA)  -  The  layer  thickness  appears 
to  be  a  fundamental  parameter. 

J.R.  Nicholls  (CRANFIELD  Univ.)  -  Yes,  the  layers 
should  have  a  thickness  comprised  between  XI4  and  X 
(X :  wavelength  of  the  incident  radiation)  to 
efficiently  reduce  the  radiative  contribution  to  the 
thermal  conductivity.  Note  that  the  layers  deposited 
by  K.S.  Ravichandran  (UTAH  Univ.,  paper  N°14) 
were  either  too  thick  (15  -  49  pm)  or  too  thin  (0.06  - 
0.15  pm)  to  induce  a  noticeable  reduction  of  the 
thermal  conductivity. 


I. 2.4  Plasma  assisted  CVD 

A.  Lasalmonie  (SNECMA)  -  This  new  deposition 
technique  seems  to  present  good  potentials  ;  its 
application  to  coat  real  parts  has  not  still  to  be 
demonstrated  and  the  costs  have  to  be  evaluated. 

V. R.  Parameswaran  (NRC)  -  The  use  of  chlorides  (ZrCl4) 

may  lead  to  environmental  issues. 

XXX  (DLR)  -  The  ability  to  coat  compex-shaped  parts 
remains  questionable. 

S.  Drawin  (ONERA)  -  The  problems  with  chlorides  can 
be  solved  even  for  industrial  plants  ;  other  zirconium 
precursors  are  currently  studied.  A  larger  deposition 
reactor  will  be  built  next  year,  that  will  be  able  to 
coat  larger  parts,  as  well  coupons  as  blade  and  vanes. 

J. R.  Nicholls  (CRANFIELD  Univ.)  -  The  use  of  a  plasma 

will  make  it  possible  to  deposit  layered  systems, 
similarly  to  what  has  been  achieved  in  our  laboratory. 

1.3  Lifetime  of  TBCs 

1.3.1  Role  of  bond  coat,  TGO  and  oxidation 

A.  Lasalmonie  (SNECMA)  -  Differences  in  the  coating 
properties  are  observed  when  different  bond  coats  are 
used  :  how  can  they  be  explained?  The  role  of  the  bond 
coat  surface  preparation  (roughness)  has  to  be  assessed. 
Various  failure  modes  are  encountered  in  or  at  the  TGO 
(Thermal  Grown  Oxide) :  the  failure  mechanisms  have  to 
be  understood  more  precisely. 

M.R.  Winstone  (DERA)  -  Are  the  failure  mechanisms  the 
same  for  TBCs  having  experienced  1000  one-minute 
cycles  and  1000  one-hour  cycles?  TBC 
manufacturers  have  large  databases  on  the  possible 
failure  modes ... 

W.  Brindley  (NASA)  -  Yes,  TBCs  cycled  at  maximum 
temperature  for  six  or  sixty  minutes  present  different 
failure  modes.  It  is  thus  important  to  design  the  right 
durability  tests  :  maximum  temperature,  coolant 
temperature,  time  at  maximum  temperature, ... 

For  highly  oxidized  TBCs,  failure  occurs  at  locations 
where  the  experienced  temperatures  were  the  highest. 

About  the  surface  preparation,  the  presented  paper 
(N°17)  adressed  PS  coatings  with  a  simplified  (sine- 
wave)  roughness.  Can  the  conclusions  be  generalized 
to  all  PS  coatings? 

1.3.2  Testing  methodology 

A.  Lasalmonie  (SNECMA)  -  As  shown  by  paper  N°15, 
burner  rig  tests  may  be  very  difficult  to  interpret :  there  is 
a  need  to  establish  a  testing  methodology  for  the 
durability  tests. 

1.3.3  Modelling 

A.  Lasalmonie  (SNECMA)  -  Thermomechanical 
modelling  of  the  TBC  system  should  allow  a  better 
understanding  of  the  failure  mechanisms. 
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1.3.4  Graded  structures 

A.  Lasalmonie  (SNECMA)  -  The  feasability  of  such 
structures  has  been  demonstrated,  but  extensive  lifetime 
tests  have  still  to  be  performed. 

A.  Lasalmonie  (SNECMA)  -  Generally,  what  is  missing 
is  the  users  experience  on  failure  mechanisms,  on 
reliability  and  aging  of  the  TBCs. 

Another  issue  is  the  influence  of  the  substrate 
(directionnally  solidified  alloys  vs.  single  crystals,  sulfur 
and  titanium  content  and  diffusion, ...). 

P.  Morrell  (ROLLS-ROYCE)  -  Physical  phenomena  are 
now  understood  and  coatings  have  been  specifically 
designed  by  ROLLS-ROYCE. 

J.R.  Nicholls  (CRANFIELD  Univ.)  -  Different  bond 
coats  are  needed  for  different  single  crystals  :  in 
general,  now  bond  coats  are  designed  for  specific 
substrates. 

Y.  Jaslier  (SNECMA)  -  In  the  single  crystal  substrates, 
the  grain  boundaries  having  been  removed,  sulfur 
cannot  segregate  at  these  locations  and  has  to  go 
somewhere  else. 

XXX  (KLM)  -  Experience  exists,  but  is  not  spread 
worldwide  (proprietary  data!). 

1.4  Other  properties 

1.4.1  Erosion 

A.  Lasalmonie  (SNECMA)  -  Can  the  erosion  behaviour 
of  PS  coatings  be  improved? 

C.  Moreau  (NRCC)  -  Yes,  by  using  for  instance  powders 
with  smaller  particle  size  ...  but  several  problems  will 
then  occur  (feeding  of  the  powder  into  the  plasma 
torch,  moisture  sensitivity,  cost, ...). 

W.  Brindley  (NASA)  -  Another  way  to  solve  this 
problem  would  be  to  find  an  erosion-resistant 
material  to  spray  on  the  leading  edge  (and  having  a 
lower  thermal  conductivity  than  the  superalloy 
substrate). 

C.  Moreau  (NRCC)  -  Here  too,  feedback  from  the  users 
is  needed. 

P.  Morrell  (ROLLS-ROYCE)  -  Currently,  TBCs  behave 
well  on  combustor  cans  and  vane  platforms. 

W.  Brindley  (NASA)  -  The  problem  is  also  to  get  the 
right  informations  from  the  TBC  coated  parts  :  this 
needs  periodic  inspections,  inspections  means,  and 
inspection  procedures. 

P.  Morrell  (ROLLS-ROYCE)  -  And  how  will  the 
metallic  substrates  be  inspected  if  there  is  a  TBC  on 
it. 

1.4.2  TBC  repair 

A.  Lasalmonie  (SNECMA)  -  How  is  the  repair  of  TBCs 
mastered? 


2.  «  THICK  »  TBC  (COMBUSTOR 
APPLICATIONS) 

2.1  TBC  on  free-standing  components 

XXX  (??)  -  This  is  user-oriented  for  specific  parts. 

2.2  TBC  for  combustors 

A.  Lasalmonie  (SNECMA)  -  Thick  TBCs  have  to  be 
compared  to  other  solutions  (CMC,  cooled  metals, ...). 
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